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PKEFAOE TO THE FIEST EDITION. 



Sevekal years ago it was our good fortune to follow, as grad- 
uate students, a course of lectures and practical study in General 
Biology under the direction of Professor Martin, at Johns Hop- 
kins University. So interesting and suggestive was the general 
methi)d employed in this course which, in its main outlines, had 
been marked out by Huxley and Martin ten years before, that 
we were persuaded that beginners in biology should always be in- 
troduced to the subject in some similar way. The present work 
thus owes its origin to the influence of the autliors of the 
*' Elementary Biology," our deep indebtedness to whom we 
gratefully acknowledge. 

It is still an open question whether the beginner should pur- 
sue the logical but difficult course of working upwards from the 
simple to the complex, or adopt the easier and more practical 
method of working downwards from familiar higher forms. 
Every teacher of the subject knows how great are the practical 
difficulties besetting the novice, who, provided for the first time 
with a compound microscope, is confronted with Yeast, Proto- 
coccus, or Amoeba ; and on the other hand, how hard it is to sift 
out what is general and essential from the heterogeneous details 
of a mammal or a flowering plant. In the hope of lessening the 
practical difficulties of the logical method we venture to submit a 
course of preliminary study, which we have used for some time 
with our own classes, and have found practical and effective. 

• It has not been our ambition to prepare an exhaustive trea- 
tise. "We have sought only to lead beginners in biology from 
familiar facts to a better knowledge of how living things are 
built and how they act, such as may rightly take a place in gen- 

iii 
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IV PREFACE TO THE FIBST EDITIOK 

eral education or may afford a basis for further studies in General 
Biology, Zoology, Botany, Physiology, or Medicine. 

Believing that biology should follow the example of physics 
and chemistry in discussing at the outset the fundamental prop- 
erties of matter and energy, we have devoted the first three 
chapters to an elementary account of living matter and vital en- 
ergy. In the chapters which follow, these facts are applied by 
a fairly exhaustive study of a representative animal and plant, of 
considerable, though not extreme, complexity — a method which 
we believe affords, in a given time, a better knowledge of vital 
phenomena than can be acquired by more superficial study of a 
larger number of forms. We are satisfied that the fern and the 
earthworm are for this purpose the best available organisms, and 
that their study can be made fruitful and interesting. The last 
chapter comprises a brief account of the principles and outlines 
of classification as a guide in subsequent studies. 

After this introductory study the student will be well pre- 
pared to take up the one-celled organisms, and can pass rapidly 
over the ground covered by such works as Huxley and Martin's 
*' Practical Biology," Brooks's ''Handbook of Invertebrate 
Zoology," Arthur, Barnes and Coulter's "Plant Dissection," or 
the second part of this book, which is weU in hand and will 
probably be ready in the course of the following year. 

The directions for practical study are intended as suggestions, 
not substitutes, for individual effort. We have striven to make 
the work useful as well in the class-room as in the laboratory, 
and to this end have introduced many illustrations. The gener- 
i osity of a friend has enabled us to enlist the skill of our friend 
Mr. James H. Emerton, who has drawn most of the original 
figures from nature, under our direction. We have also been 
greatly aided in the preparation of the figures by Mr. William 
Claus of Boston. 

Sbftembbb, 1886. 
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PEEFACE TO THE SECOND EDITION. 



It was originally our intention to ptibKsh this work in two 
parts, the first, which appeared in 1886, being intended as an 
introduction, while the second was to form the main body of the 
work and to include the study of a series of type-forms. The 
pressure of other work, however, delayed the completion of the 
second part, and meanwhile several laboratory manuals appeared 
which in large measure obviated the need of it. Nevertheless 
the use of the introductory volume by teachers of Biology, 
and its sale, slowly but steadily increased. It soon appeared, 
however, that in some cases the work was being employed not 
merely as an introduction, as its authors intended, but as a 
complete course in itself; though the wish was often expressed 
that the number of types were somewhat larger. These facts, 
and the many obvious defects in the original volume, induced 
us to undertake the preparation of a second and extended edition. 

With increased experience our ideas have undergone some 
change. We are as firmly convinced as ever that General Biol- 
ogy, as an introductory subject, is of the very first importance ; 
but we are equally persuaded that it must not trespass too far 
upon the special provinces of Zoology and Botany. The present 
edition, therefore, differs from the original in these respects; 
first, while the introduction has been extended so as to in- 
clude representatives of the unicellular organisms {Amcebay 
Infusoria^ Protococcus^ Yeasts^ bacteria), the publication of a 
second volume has been abandoned. It is hoped that the work 
as thus extended may serve a double purpose, viz., either to 
be used as an introduction to subsequent study in Zoology, Bota- 
ny, or Physiology; or as a complete elementary course for 
general students to whom the minutiae of these more special sub- 
jects are of less importance than the fundamental facts of vital 
structure and function. We believe that a sound knowledge of 
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VI PREFACE TO THE SECOND EDITION. 

these facts can be conveyed by the method of study here out- 
Kned ; but we must emphatically insist that neither this nor any 
other method will give good results unless rightly used, and that 
this work is not designed to be a complete text-book. Probably 
few teachers will find it desirable to go over the whole of the 
, ground here laid out, and we hope that still fewer will be inclined 
to confine their work strictly to it. Even in a brief course the 
student may, after going over certain portions of this work, be 
made acquainted with the leading types of plants and animals ; 
and this may be rapidly accomplished if the introductory work, 
however limited, has been carefully done. In extended courses 
we have sometimes found it desirable to postpone certain parts oi 
the introductory work, returning to them at a later period, 

A second modification consists in placing the study of the 
animal before that of the plant, which plan on the whole appears 
desirable, especially for students who have not been well trained 
in other branches of science. The main reason for this lies in the 
greater ease with which the physiology of the animal can be ap- 
proached ; for there is no doubt, that beginners find the nutritive 
problems of the plant abstruse and difficult to grasp until a cer- 
tain familiarity with vital phenomena has been attained ; while 
most of the physiological aptivities of the animal can be readily 
illustrated by well-known operations of the human body. 

The third change is the omission of tlie laboratory directions, 
these having been found unsuitable. The needs of different 
teachers differ so widely that it is impossible to draw up a scheme 
that shall answer for all. In place of the laboratory directions for 
students we have therefore given, in an appendix, a series of prac- 
tical suggestions to teachers, leaving it to them to work out de* 
tailed directions, if desired, by the help of the standard labora- 
tory manuals. These suggestions are the result of a good deal of 
experience on the part of many teachers besides ourselves, and 
we hope they will be found useful in procuring and preparing 
material (often a matter of considerable difficulty), and in decid- 
ing just what the student may reasonably be expected to do. 

For the rest, the original matter has been thoroughly revised, 
numerous errors have been corrected, and many additions made, 
particularly on the physiological side, 
Septembek, 1895. 
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GENERAL BIOLOGY. 



CHAPTER I, 
INTRODUCTORY. 



We know from common experience that all material things 
are either dead or alive, or, more accurately, that all matter is 
either lifeless or living ; and so far as we know, life exists only 
as a manifestation of living matter. Living matter and lifeless 
matter are everywhere totally distinct, though often closely as- 
sociated. The most careful studies have on the whole rendered 
the distinction more clear and striking, and have demonstrated 
that Uving matter never arises spontaneously from lifeless matter, 
but only through the immediate influence of living matter already 
existing. And so, whatever may have been the case at an earUer 
period of the earth's history, we are justified in regarding the 
present line between living and lifeless as one of the most 
clearly defined and important of natural boundaries. 

The Contrast between Living Matter and Lifeless Matter is made 
the ground for a division of the natural sciences into two great 
groups, viz. : the Biological Sciences and the Physical Sciences^ 
dealing respectively with Uving matter and lifeless matter. The 
biological sciences (p. 7) are known collectively as Biology 
{ftio^^ life\ XoyoSj a discourse), which is therefore often de- 
fined as the science of life, or of living things, or of living mat- 
ter. But living matter, so far as we know, is only ordinary 
matte r wh ich has entered into a peculiar state or condition. 
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And hence biology is more precisely defined as the science which 
treats oj^ matter in the Jiving' state. 

The Eelationship between living and Lifeless Matter. Al- 
though living matter and lifeless matter present this remarkable 
contrast to one another, they are most intimately related, as a 
moment' s reflection will show. The living substance'of the human 
body, or of any animal or plant, is only the transformed lifeless 
matter of the food which has been taken into the body and has 
there assumed, for a time, the Uving state. Lifeless matter in 
the shape of food is continually streaming into all Hving things 
on the one hand and passing out again as waste on the other. 
In its journey through the organism gome of this matter enters 
into the living state and lingers for a time as part of the body 
substance. But sooner or later it dies, and is then for the most 
part cast out of the body (though a part may be retained within 
it, either as an accumulation of waste material, or to serve some 
nseful purpose). Matter may thusj)ass fro m the lif eless into the 
living state and back again to the lifeless, over and over in never- 
ending cycles. A living plant or animal is Hke a fountain or a 
flame into which, and out of which, matter is constantly stream- 
ing, while the fountain or the flame maintains, its characteristic 
form and individuality. It is ''nothing but the constant form of 
a similar turmoil of material molecules, which are constantly 
flowing into the organism on the one side and streaming out on 
the other. ... It is a sort of focus to which certain material par- 
ticles converge, in which they move for a time, and from which 
they are afterward expelled in new combinations. The parallel 
between a whirlpool in a stream and a living being, which has 
often been drawn, is as just as it is striking. The whirlpool is 
permanent, but the particles of water which constitute it are in- 
cessantly changing. Those which enter it on the one side are 
whirled around and temporarily constitute a part of its indi- 
viduahty ; and as they leave it on the other side, their places are 
made good by newcomers." (Huxley.) 

_How_then is living^ matter different from lifeless matter ? 
The question cannot be fully answered by chemical analysis, for 
the reason that this process necessarily kills living matter, and 
the results therefore teach us little of the chemical conditions ex- 
isting in the matter when alive. Analyses, nevertheless, bring 
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to light several highly important facts. It is likely that living 
matter is a tolerably definite compound of a number of the 
chemical elements, and it is probably too low an estimate to say 
that at least six elements must unite in order that life may ex- 
ist. Moreover, only a very few out of all the ele ments are able^ 
under any circumstances, to form this livi ng pa rtnership. 

The most significant facF, however, is that there is no loss of 
weight when living matter is killed. The total weight of the 
lifeless products is exactly equal to the weight of the living sub- 
stance analyzed, and if anything has escaped at death it is im- 
ponderable, and, having no weight, is not material. It follows 
that living matter contains no material substance peculiar to it- 
self^ and that every element found in living matter may be found 
alsOj under other circumstances^ in lifeles8_ matter. 

Considerations like these lead us to recognize a fundamental 
fact, namely, that the terms living and lifeless designate two 
different states or conditions of matter. We do not know, at 
present, wbat'causes tliis difference of condition. But so far as 
the evidence shows, the living state is never assumed except 
un der the influ ence of antecedent living matter, which, so to 
speak, infects lifeless matter and in some way^auses it to as- 
sume the living state. 

^Distinctive Properties of Living Matter. Those properties of 
living matter which, taken together, distinguish it absolutely 
from every form of lifeless matter, are : 

1. Its chemical composition. 

2. Its power of waste and repair^ and of growth. 

3. Its power of reproduction. 

Living matter invariably contains substances known as pro- 

teids^ which are believed to constitute its essential material basis 

*lsee p. 33), Proteids are complex compounds of Carbon^Oxy- 

gen. Hydrogen, Nitrogen, Sulphur, and (in some cases at any 

rate) Phosphorus. 

It has been frequently pointed out that each of these six elements is 
remarkable in some way : oxygen, for its vigorous combining powers ; 
nitrogen, for its chemical inertia; hydrogen, for its great molecular 
mobility ; carbon, sulphur, and phosphorus, for their allotropic properties, 
etc. All of these peculiarities may be shown to be of significance when 
considered as attributes of living matter. (See Herbert Spencer, Principles 
of Biology, vol. i.) 
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4 INTRODUCTORY. 

It is not, however, the mere presence of pro teids which is 
characteristic of Kving matter. White-of-egg (albumen) contains 
an abundance of a typical proteid and yet is absolutely lifeless. 
Living matter does not simply contain proteids, but has the 
power to manufaeture them out of other substances ; and this is 
a pr operty of living^ matter exclusively ^ — 

The waste and repair of living matter are equally character- 
istic. The living substance continually wastes away by a kind 
of internal combustion , but continually repairs the waste. More- 
over, the growth of living things is of a characteristic kind, dif- 
fering absolutely from .the so-called growth of lifeless things. 
Crystals and other lifeless bodies gro w^ if at all, by accretion^ or 
the addition of new particles to the outside. Living matter 
^rows from within by intussusception^ or the taking-in of new 
particles, "and" ' Stl mg" them into the interstices between^ those 
already present^ throughout the whole mass. And, lastly, liv- 
ing matter not only thus repairs its own waste^ but also gives 
rise by reproduction to new masses of living matter which, 
becoming detached from the parent mass, enter forthwith upon 
an independent existence. 

"We may perceive how extraordinary these properties are by 
supposing a locomotive engine to possess Hke powers : to carry 
on a process of seK-repair in order to compensate for wear ; to 
grow and increase in size, detaching from itseK at intervals 
pieces of brass or iron endowed with the power of growing up 
step by step into other locomotives capable of running them- 
selves, and of reproducing new locomotives in their turn. Pre- 
cisely these things are done by every living thing, and nothing 
hke them takes place in the lifeless world. 

Huxley has given the best statement extant of the distinctive properties 
of living matter, as follows : 

** 1. Its chemical composition--(ioxiiB,mmg^ as it invariably does, one 
or more forms of a complex compound of carbon, hydrogen, oxygen, and 
nitrogen, the so-called protein (which has never yet been obtained except 
as a product of living bodies), united with a large proportion of water^ 
and forming the chief constituent of a substance which, in its primary 
unmodified state, is known as protoplasm . 

" 2. Its universal disintegration and waste by oocidation^ and its can* 
eomitant reintegration by the intussusception of new matter, A process 
of waste resulting from the decomposition of the molecules of the proto- 
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plasm in virtue of which they break up into more highly oxidated products, 
which cease to form any part of the living body, is a constant concomitant 
of life. There is reason to believe that carbonic acid is always one of these 
waste products, while the others cont ain the remainder of the car bon, the 
nitrogen, the hydrogen, and the other elements which may enter into the 
composition of the protoplasm. 

** The new matter taken in to make good this constant loss is either a 
ready-formed protoplasmic material, supplied by some other living being, 
or it consists of the elements of protoplasm, united together in simpler 
combinations, which constantly have to be built up into protoplasm by the 
agency of the living matter itself. In either case, the addition of molecules 
to those which already existed takes place, not at the surface of the living 
mass, but by inte rposition between the existing molecules of the latter. If 
the processes of disintegration and of reconstruction which characterize 
life balance one another, the size of the mass of living matter remains sta- 
tionary, while if the reconstructive process is the more rapid, the living 
body grows. But the increase of size which constitutes growth is the 
result of a process of molecular intussusception, and therefore differs alto- 
gether from the process of growth by accretion, which may be observed in 
crystals, and is effected purely by the external addition of new matter ; so 
that, in the well-known aphorism of Linnaeus, the word * grow ' as applied 
to stones signifies a totally different process from what is called * growth • 
in plants and animals. 

** 8. Its tendenq/ to undergo cyclical changes. In the ordinary course 
of nature, all living matter proceeds from pre-existing living matter, a 
portion of the latter being detached and acquiring an independent exist- 
ence^ The new form takes on the characters of that from which it arose ; 
exhibits the same power of propagating itself by means cf an offshoot ; 
and, sooner or later, like its predecessor, ceases to live, and is resolved 
into more highly oxidated compounds of its elements. 

" Thus an individual living body is not only constantly changing its 
substance, but its size and form are undergoing continual modifications, 
the end of which is the death and decay of that individual ; the continua- 
tion of the kind being secured by the detachment of portions which tend 
to run through the same cycle of forms as the parent. No forms of matter 
which are either not living or have not been derived from living matter 
exhibit these three properties, nor any approach to the remarkable phe- 
nomena defined under the second and third heads." {Encyclopaedia BrU 
tannica^ 9th ed., art. " Biology," vol, iii. p. 679.) 

For the ptirgoses of biological study life must be regarded^as 
a property of a certain kind of compounded matter. But we 
are forced to regard the properties of compounds as the result- 
ants of the properties of their constituent elements, even though 
we cannot well imagine how such a relation exists; and so in the 
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6 INTRODUCTORY. 

long-run we have to fall back upon the properties^ of carbon, 
hydrog en, nitrogen, oxygen, etc., for the properties of Uving 
matter. 

Scope of Biology. The Biological Sciences. It follows from 
the broad definition given to Biology that this science includes 
the study of whatever pertains to Uving matter or to Kving 
things. It considers th e forms, stru ctures.^ and functions of living 
things in health and in disease ; their habits, actions, modes of 
nutrition ; their surroun dings an d distribution in space and time, 
their r elations to the lifeless wor ld and to one another, their 
sensat ions, mental processes, and social relat i ons, their oriffln an d 
their fate, and many other topics. It includes both zoology and 
botan y, and deals with the phenomena of animal and vegetal life 
not only sep arately, but in their^ relations to one another. It 
includes the medical sciences j,nd vegetal pathology. 

The field covered by biology as thus understood is so wide as 
to necessitate a subdivision of the subject into a number of principal 
branches which are usually assigned the rank of distinct sciences. 
These are arranged in a tabular view on p. 7. The table shows 
two different ways of regarding the main subject, according as 
the table is read from left to right or vice versa. Under the more 
usual arrangement biology is primarily divided into zoology and 
botany, according as animals or plants, respectively, form the 
subject of study. Such a division has the great advantage of 
practical convenience since, as a matter of fact, most biologists 
devote their attention mainly either to plants alone or to animals 
alone. From a scientific point of view, however, a better sub- 
division is into Morphology {)iop(prj^ form; \6yoS, a discourse) 
and Physiology {(pvais, nature; Xoyos^ a discourse). The 
f ormel* is based upon the facts of form, structure, and arrange- 
ment, and is essentially statical ; the latter upon those of action 
or function, and is essentially dynamical. But morphology and 
physiology are so intimately related that it is impossible to sepa- 
rate either subject absolutely from the other. 

Besides the sub-sciences given in the table a distinct branch 
called ^tiologyjs often recognized, having for its object the in- 
vestigation of the causes ot biological phenomena. But the sci- 
entific study of every phenomenon has for its ultimate object the 
discovery of its cause. ^Etiology is therefore inseparable from 
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THE BIOLOGICAL SCIENCES. 



' Morphology. 

The science 

of form, 

structure, 

etc. 

Essentially 
statical. 



> 



Biology. 

The 

science of 

all living 

things ; 

.i.e., of 

matter in 

the living 

state. 



Physiology. 

The science 

of action or 

function. 

Essentially 

I dynamical. 



Anatomy. 
The science of struc- 
ture ; the term being 
usually applied to the 
coarser and more ob- 
vious composition of 
plants or animals. 

Histology. 

Microscopic anatomy. 
The ultimate optical 
analysis of structure 
by the aid of the 
microscope; sepa- 
rated from anatomy 
only as a matter of 
convenience. 

Taxoiwmy or Classifi- 
catioii. 

The classification of 
living things. Based 
chiefly on phenomena 
of structure. 

Distributi<m. 

Considers the position 
of living things in 
space and time, their 
distribution over the 
present face of the 
earth and their distri- 
bution and succession 
at former periods, as 
displayed in fossil re- 
mains. 

Embryology. 

The science of develop- 
ment from the germ. 
Includes many mixed 
problems pertaining 
both to morphology 
and physiology. At 
present largely mor- 
phological. 

Physiology. 

The special science of 
the functions of the 
individual in health 
and in disease ; hence 
including Ihtfwlogy. 

Biychology. 

The science of mental 
phenomena. 

Sociology. 

The science of social 
life, i.e., the life of 
communities, wheth- 
er of men or of lower 
animals. 



Botany. 

The science 
of vegetal 

living 

matter or 

plants. 



Zodlogy. 

The science 
of animal 

living 
matter or 
animals. 



Biology. 

The 
science of 
all living 

things ; 

i.e., of 
matter in 
the living 

state. 
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8 INTRODUCTORY. 

any of the several brandies of biology and need not be assigned 
an independent place. 

Psychology and Sociology are not yet generally admitted to 
constitute branches of biology, and it is customary and con- 
venient to set them apart from it. The establishment of the 
theory of evolution has clearly showii^ however, that^the study 
of these sc iences is inseparable from that of biology in the ordi- 
na ry sense. The instincts and other mental actions of the lower 
animals are as truly subjects of psychological as of physiological 
inquiry ; the complex social life of such animal communities as 
. we find, for instance, among the bees and ants are no less truly 
problems of Sociology. 

It will be observed that in the scheme morphology and physi- 
ology overlap; that is, there are certain biological sciences in 
which the study of structure and of action cannot be separated. 
This is especially true of embryology, which considers the suc- 
cessive stages of embryonic structure and also the modes of 
action by which they are produced. And finally it must not be 
forgotten that any particular arrangement of tlie biological sci- 
ences must be in themain a jnatter of convenience only ; for it 
is impossible to study any one order of phenomena in complete 
isolation from all others. 

The term General Biology does not designate a particular 
member of the group of biological sciences, but is only a con- 
venient phrase, which has come into use for the general introduc- 
tory study of biology. It bears precisely the same relation to 
biology that general chemistry bears to chemistry or general 
physics bears to physics. It includes an examination of the^en- 
eraJwoperties of living matter as revealed m the structures and 
actions of~pa rticul ar living things, and may serve as a basis for 
subsequent study of more special branches of the science. It 
deals with the broad characteristic phenomena and laws of life as 
illustrated by the thorough comparative study of a series of 
plants and animals taken as representative types; but in this 
study the student should never lose sight of the fact that all the 
varied phenomena which may come under his observation are in 
the last analysis due to ?A^ J>^<?g^/*^^_2^J?^^^^7' ^'^ ths living 
state^ and that this matter and these properties are the real goal 
of the study. 
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CHAPTER II. 

THE STRUCTURE OF LIVING THINGS. ORGANISMS. 

Lifeless things occur in masses of the m ost vari ous sizes 
and forms, and may differ widely in structure and chenaical com- 
j)osition. Living thmgs, on the other hand, occur only in rela- 
tively small masses, of which perhaps the largest are, among 
plants, the great trees of California and, among animals, the 
whales ; while the smallest are the micro-organisms or bacteria. 
Moreover, the individual masses in which living things occur 
possess a peculiar and characteristic structure and chemical com- 
position which have caused them to be known as organisms^ and 
their substance as organic. All organisms are built lip to a 
remarkable extent in the same way and of the same materials, 



Fig. 1. (After Sachs.)— Longitudinal section through the growing apex of a young 
pine-shoot. The dotted portion represents the protoplasm, the narrow lines be% 
ing the partition-waUs composed of cellulose (CaHioOs). (Highly magnified.) 

and we may conveniently begin a study of living things with the 
larger and more complex forms, which exhibit most clearly 
those structural peculiarities to which we have referred. 

Organisms composed of Organs. Functions. It \is character- 
istic of any living body — for example, a rabbit or a geranium — 
that it is composed of unlike parts, having a structure which 
enables them to perform various operations essential or accessory 
to the life of the whole. The plant has stem, roots, branches, 
leaves, stamens, pistil, seeds, etc. ; the animal has externally 

9 
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10 THE STRUCTURE OF LIVING THINGS. 

head, trunk, limbs, eyes, ears, etc., and internally stomach, in- 
testines, liver, lungs, heart, brain, and many other parts of 



Fig. 2.— Cross-section through part of the young leaf of a fern (Pteris aquUina)^ 
showing thick-walled cells ; most of the walls are double. The granular sub- 
stance is protoplasm. Most of the cells contain a large central cavity (vacuole) 
flUed with sap, the protoplasm having been reduced to a thin layer inside the 
partitions. Nuclei are shown in some of the cells, and lifeless grains of starch 
in others : n, nuclei ; 8, starch ; r, vacuole ; kj, double partition- wall. ( x 500.) 

the most diverse structure. These parts are known j8iQ__prganSj 
and the living body, because it possesses them, is called an or* 
ganism . 

The word organism, as here used, applies best to the higher animals 
and plants. It will be seen in the sequel that there are forms of life so 
simple that organs as here defined can scarcely be distinguished. Such 
living things are nevertheless really organisms because they possess 
parts analogous in function to the well-defined organs of higher form. 
(See p. 157.) 

Since organisms are composed of unlike parts, they are said 
to be heterogeneous in structure. They are alsq_ heterogeneous 
in action, the different organs performing different operations 
Qdlle A functions. For instance, it is the function of the stomach 
to digest food, of the heart to pump the blood into the vessels, 
of the kidneys to excrete waste matters from the blood, and 
of the brain to direct the functions of other organs. A similar 
diversity of functions exists in plants. The roots hold the 
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plant fast and absorb various substances from the soil ; the stem 
supports the leaves and flowers 
and conducts the sap ; the leaves 
absorb and elaborate portions of 
the food; and the reproductive 
organs of the flower serve to 
form and bring to maturity seeds 
destined to give rise to a new gen- 
eration. ! 

Heterogeneity of the kind 
just indicated, accompanied by^ 
division of labor among the 
parts, is one of the most char- 
a.3teri6tic features of living things, ^iLUT'grtp ^'^^rS 

and is not known in any mass of waUed wood-ceUs from the stem of 
Tj?i 'i^ 1 "" i" j~" maize. The ceUs contain only air or 

lifeless matter, however large and ^ater. (Highly magnified.) 
complex. 

Organs composed of Tissues. Differentiation. In the next 
place, it is to be observed that the organs also, when fully 
formed, are not homogeneous, but are in turn made up of 
different parts. The human hand is an organ which consists 
of many parts, differing widely in structure and function. On 
the outside are the skin, the hairs, the nails ; inside are bones, 
muscles, tendons, Kgaments, blood-vessels, and nerves. The leaf 
of a plant is an organ consisting of a woody framework (the 
" veins ") which supports a green pulp, the whole being covered 
on the outside by a delicate transparent skin. In like manner 
every organ of the higher plants or animals may be resolved 
into different parts, and these are known as tissvss. The 
tissues of fully formed organs are often very different from one 
anoth er, as in the cases just mentioned ; that is, they are well 
differentiated^ but frequently in adult organs, and always in those 
which are sufficiently young, the tissues shad^ gradually into 
one another, so that no definite line can be drawn between them. 
In such cases they are said to be less differentiated. For ex- 
ample, in the full-grown leaf of a plant the woody framework, the 
green cells, and the skin exist as three plainly different tissues. 
But in younger leaves these same tissues are less different, and 
in very young leaves, still in the bud, there are no visible differ- 
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12 THE STRUCTURE OF LIVING THIN08. 

ences and the whole organ is very nearly homogeneous. In this 
case the tissues are undifferentiated^ though potentially cap^lile 
of diiIerentiation^__In the same way, the tissues of the embry- 



Fig. 4.— Cross-section through dead wood-like cells from the underground stem of a 
fern iPtervi aquilina). The walls are uncommonly thick and the protoplasm has 
disappeared. The channels shown served in life to keep the cells in vital con- 
nection. (X 450.) 

onic human hand are imperfectly differentiated, and at a very 
early stage are undifferentiated. 

Tissues composed of Cells. Finally, microscopical examina- 
tion shows every tissue to be composed of minute parts known 
as cellSy which are nearly or quite similar to one another tlirough- 
out the whole tissue , and form the ultimate units into which the 
tissues and organs, and hence the whole organism, become more 
or less perfectly divided, somewhat as a nation is divided into 
states and these into counties and townships. 
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It will be shown beyond that these ultimate units or cells 
possess every where the same 'fundamental structure ; but they 
differ immensely in form, size^ and mode of a ction , not only in 
different animals and plants, but even in different parts of the 
same individual. As a rule, the cells of any given tissue are 
closely similar one to another and are devoted to the same func- 
tion, but differ from those of othisr tissues in form, size, arrange- 
ment, and especially in function. Indeed, the diffe rgnces_be- 
tween tissues are merely the outcome of the differences between 
the cells comp osing^ *!^^ The skin of the hand differs in ap- 
pearance and uses from the muscle which it covers^ because skin- 
cells differ from muscle-cells in form, size, color, function, etc. 
Hence a, tissue may be defined as a groujp of similar cells h(W' 
ing a similar function,* As a rule, each organ consists of 
several such groups of cells or tissues, but, as stated above, young 
organs are nearly or quite homogeneous ; that is, all of the cells- 
are nearly or quite alike. It is only when the organ growa 
older that the cells become different and arrange themselves in 
different groups, — a process known as the differentiation of the 
tissues. In the case of some organs — for instance the leaf of a 
moss — the cells remain permanently nearly ahke, somewhat aa 
in the embryonic condition, and the whole organ consists of a 
single tissue. 

What has been said thus far applies only to higher plants, 
and animals. But it is an interesting and suggestive fact that 
there are also innumerable isolated cells, both vegetal and 
animal, which are able td carry on an independent existence as- 
one-celled plants or animals. Physiologically these must cer- 
tainly be regarded as individuals ; but it is no less certain that 
they are equivalent, morphologically, to the constituent cells of 
ordina ry many-celled organisms. It will appear hereafter that 
the study of such unicellular organisms forms the logical ground- 
work of all biological science. (See p. 157.) 

Since organisms may be resolved successively into organs, 
tissues and cells, it is evident that cells must contain living 
matter. And a cell may be defined as a small ma^s of living- 
matter either limng apart or forming one of the ultimate unit» 

* Tissaes frequently contain matters deposited between cells ; but these 
have usually been directly derived from the cells, and vary as the cells vary. 
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of cm organism. The cell is an '' orgcmxc indwidual ofthef/rst 
order y (Lang.) 

Living and Lifeless Matter in the Living Organism. Since our 
own bodies and those of lower animals and of plants are com- 
posed of matter, it may be supposed, from what has been said 
* in the last chapter, that they are composed of living 
matter. This, however, is true only in part. It is 
strictly true that every plant or animal contains living 
matter, but a little reflection will show that it contains 
lifeless matter also. In the human body lifeless mat- 
ter is found in the hairs, the ends of the nails, and 
the outer layers of the skin, — structures which are 
not simply devoid of feelin g, as every one knows them 
to be, but arereaUy^ lifeless Jn_eye^^^ although 

forming part of a living body. Nor is lifeless mat- 
ter confined to the exterior of the body. The mineral 
matter of the bones is not alive; and this is true, 
though less obviously, of many other parts, such as 
the liquid basis or plasma of the blood, the fat (which 
is never wholly absent), and various other forms of mat- 
ter occurring in many parts of the body. 

In lower ammals_ examples of this truth occur on 
every hand. The calcareous shells of animals like the 
snail and the oyster ; the skeletons of 
corals and sponges ; the hard outer crust 
I of insects, lobsters, and related animals ; 
r the scales of fish and reptiles; the 
feathers, claws, and beaks of birds ; the 
fur of animals — these are a few of the 
j^ countless instances of structures com- 

posed wholly or in part of lifeless mat- 

^ctceri'^^^lhrS:*^'-' ^hi«l^ nevertheless enter into the 
tine of a dog, in cross-sec- Composition of hving animals. 

tion ; B, single isolated cell, A w./^^«. ^1«^+« i:i £ j. 

from the intestine of a rab. Among plants like facts are even 

bit, viewed from the side, more COnspicUOUS. No OUC Cau doubt 

that the outer bark of an oak is devoid 
of life. The heart- wood of a tree is entirely dead, and even 
in the so-called live wood, through which the sap flows, not only 
is the solid part of the wood lifeless, but also the s^p itself. 
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Fig. 6 (After ScMfer.)— Human cartilage (from head of metatarsal bone), c, cells ; 
w, lifeless matrix. (X 600.} 



Fig. 7. (Modified from Ran vier.)— Blood of frog, showing two forms of cells (cor- 
puscles), one flattened and oval, one branched, floating in the lifeless ph 
(Xft50.) 
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Lifeless Matter in the Living Tissues. In the tissues the Ey- 
ing cells are seldom in contact one with another, but are more or 
less completely separated by partitions of hfeless matter. This 
may be seen in a section through some rapidly growing organ 
like a young shoot (Fig. 1). The whole mass is formed of 
nearly' similar, clos ely cr o wded units or cells separated by very 
narrow partitions. Each cell consists of a mass of granular, 
viscid, living substance known diS> j^otoplasm^ and a more solid, 
rounded body, the nudjeus,__ 

In such a group of cells no tissues can be distinguished ; or, 
rather, the whole mass consists of a [single tissue (meristem), 
which is almost entirely composed of Hving matter (protoplasm). 
In older tissues the partitions often increase in thickness, as 
shown in Fig. 2. In every case thejpartitions are c ompo sed of 
lifeless matter which hasjbeen manufactured a^tdTAeposited hy 
the living j^'otoplasm constituting the hodies of thejcells. In 
still older parts of the plant certain of the lifeless walls may 
becom e extrem ely thickj the protoplasm entirely disappears, and 

the whole tissue (wood) consists of 
Hfeless matter enclosing spaces fiUed 
with air or water (Figs. 3 and 4). 

Among animals analogous cases 
are common. The muscles of the 
small intestine, for instance, (Fig. 
5,) consist of bundles of elongated 
cells {fibres) eacli of which is com- 
posed of living matter surrounded 
by a very thin covering {sheatK) of 
lifeless matter. In cartilage or 
gristle, which covers the ends of 
many bones (Fig. 6), the oval cells 
are very widely separated by the 
deposition between them of large 
quantities of solid lifeless matter 

Fig. 8. (Modified from Schenk.)— Sec- r . i, x • i ,i 

tlon of bone from the human femur *^^^ll^g ^^^t IS kuOWU aS the 

showing the living branching bone- matrix. In blood (Fiff . 7) the 

ceUs lying inthe bony life less ma- a ,. j . i -., / 

trix. Diagramatic. nattened or irregular cells {cor^ 

jpuscles) are separated by a lifeless 
fluid {plasmd) in which they float. In bone (Fig. 8) the colls 
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have a branching, irregular form, and are separated by solid 
calcareous matter which is unmistakably lifeless. These ex- 
amples show that the lifeless matters of the body often occur in 
the form of deposits between living cells by which they have 
been produced^ In all such cases the embryonic tissue consists 
at first of living cells in direct contact, or separated by only a 
very small quantity of lifeless matter. In later stages the 
cells may riianufacture additional lifeless substance which 
appears in the form of firm partition-walls between the cells, 
or as a matrix, solid or liquid, in which the cells lie. When 
solid walls are present they are often perforated by narrow chan- 
nels through which the protoplasmic cell-bodies remain in con- 
nection. (See Figs. 4, 8, and 50.) 

Lifeless Matter within Living Cells. Equally important with 
the deposit of lifeless matter between cells is the formation of life- 
less matter within cells, either (a) by the deposition of various sub- 
stances in the protoplasm, or (J) by the direct transformation of 
the whole mass of protoplasm. Examples of the first kind are 




Fig. 9.— a group of ceUs from the stem of a geranium Fio. 10. (After Ranvier.) — 
(Pelargontwrn), showing lifeless substances (starch Group of "adipose cells" 
and crystals) within the protoplasm. As in Fig. 2, from the tissue beneath the 
each cell contains a large central vacuole, filled skin (" subcutaneous con- 
with sap ; c, groups of crystals of calcium oxalate ; nective tissue ") of an em- 
f.c., intercellular space ; n, nucleus ; «, granules of bryo calf, showing drops of 
Bt€urch. (X 300.) fat in the protoplasm. /, fat- 

drops (black) ; w, nuclei 
(X 560.) 

mineral cry stals (Fig. 9), j^rains of starch _(Fig. 9), drops of 
water, and many other substances found within the cells of 
pSSte-. Among animals drops of fat (Fig. 10) and calcareous 
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or siliceous deposits are similarly produced. Indeed, there is 
scarcely any limit to the number of lifeless substances wliich 
may thus appear within the cells both of plants and animals. 

The secon d case is of less importance, though of common 
occurrence. A good example is found in the lining membrane 
of the oesophagiis of the dog (Fig. 11), which like tlie human 
skin is almost entirely made up of closely crowded cells. Those 



Fig. 11.— Section through the inner coat of the gullet of a dog, showing : p, living 
cells of the deeper layers; s, lifeless cells of the superficial layers; w, nucleus. 

in the deepest part consist chiefly of living protoplasm very 
similar to that of the young pine shoot (compare Fig. 1). 
Above them the cells gradually become flattened until at the 
surface they have the form of flat scales. As the cells become 
flattened their substance changes. The protoplasm diminishes 
in quantity and dies; so that near the surface the cells are 
wholly dead, and finally fall off. In a similar manner are 
formed the lifeless parts of nails^ claws, beaks, feathers, and 
many related structures. A hair is composed of cells essentially 
like those of the skin. At the root of the hair they are alive, 
but as they are pushed outwards by continued growth at the 
root, they are transformed bodily into a dead, horny substance 
forming the free portion of the hair. Feathers are only a com- 
pKcated kind of hair and are formed in the same way. 

It is a significant fact that the quantity of lifeless matter in 
the organism tends_to increase with age. The very young plant 
or animal probably possesses a maximum proportion of proto- 
plasm, and as life progresses lifeless matter gradually accumulates 
within or about it, — sometimes for support, as in tree-trunks and 
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bony skeletons ; sometimes for protection as in oyster- and snaiL 
shells ; sometimes apparently from sheer inability on the part of 
the protoplasm to get rid of it. Thus we see that youth is lit- 
erally the period of life and vigor, and age the period of com- 
parative lifelessness. 

Sammary. The bodies of higher animals and plants are ' 
subdivided into various parts {organs) having different structure 
and functions. These may be resolved into one or more tissues^ \ 
each of which consists of a mass of similar cells (or their deriva- , 
tives) having a similar function. The cells are small masses of 
living matter, or protoplasm, which deposit more or less lifeless ; 
matter either around (outside) them or within their substance. 
In the former case the protoplasm may continue to live, or it | 
may die and be absorbed. In the latter case it may likewise live 
on for a time, or may die, either disappearing altogether or leav- 
ing behind a residue of lifeless matter. 

The Organism as a Whole. Up to this point we have con- 
sidered living organisms from an anatomical and analytical stand- 
point, and have observed their natural subdivisions into organs, 
tissues, and cells. We have now only to remark that these parts 
are m utually in terd ependent , and that the organism as a whole 
is gre a ter than any of its parts^ Precisely as a chronometer fs 
superior to an aggregate of wheels and springs, so a living organ- 
ism is superior in the solidarity of its parts to a mere aggregate of 
organs, tissues, and cells. We shall soon 'see that m the living 
body th ese have had a common ancestry and still stand in the 
closest r elationship both in respect to structural continuity and 
communit y of interest. 
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CHAPTER III 



PROTOPLASM AND THE CELL. 



It has been shown in the last chapter that life is inherent in 
a peculiar substance, jprotoplasm^ occurring in definite masses or 
cells. In other words, protoplasm is _the physical basis of life, 
and the cell i s the ultimate visible structural unit. Protoplasm 
and the cell deserve therefore the most careful consideration; 
but because of the technical diflSculties involved in their study 
only such characteristics as are either obvious or indispensable to 
the beginner will here be dwelt upon. 

Historical Sketch. Organs and tissues are readily visible, but 
in order to resolve tissues into cells something more than the 
naked eye was necessary. The compound microscope came into 
use about 1650, and in 1665 the English botanist Robert Hooke 
announced that a familiar vegetal tissue, cork, is made up of 
'^ little hoxes or cells distinct from one another^ Many other 
observers described similar cells in sections of wood and other 
vegetal tissues, and the word soon came into general use. It 
was not until 1838, however, and as a consequence of a most 
important unprovement in the compound microscope, viz., the 
invention of the achromatic obje ctive, that cellular structure 
came to be recognized as an invariable and fundamental charac- 
teristic of living bodies. At this time the botanist Schleiden 
brought forward proof that the higher plants do not simply con- 
tain cells but are wholly made up of them or their products ; and 
about a year later the zoologist Schwann demonstrated that the 
same is true of animals. This great generalization, knowm as 
the ''cell-theory'*'^ of Schleiden and Schwann^ laid the basis for 
aU subsequent biological study. The cell-theory was at first de- 
veloped upon a purely morphological basis. Its application to 
the phenomena of physiological action was for a time retarded 

20 
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by the misleading character of the term ''cell." The word itself 
shows that cells were at first regarded as cavities (like the cells 
of a honeycomb or of a prison) surrounded by solid walls ; and 
even Schleiden and Schwann had no accurate conception of their 
true nature. Soon after the promulgation of the cell-theory, 
however, it was shown that both the walls and the cavity might 
be wanting, and that therefore the remaining portion, namely, 
the protoplasm with its nucleus, must be the active and essential 
part. The cell was accordingly defined by Virchow and Max 
Schultze as "a mass of protoplasm surrounding a nucleus," and 
in this sense the word is used to-day.* Tlie word cell Became 
thereafter as inappropriate as it would be if applied to the honey 
within the honeycomb or to the living prisoner in a prison-cell. 
Nevertheless, by a curious conservatism, the term was and is re- 
tained to designate these structures whether occurring in masses, 
as segments of the plant or animal body, or leading independent 
lives as unicellular organisms. 

Protoplasm was observed long before its significance was 
understood. The discovery of its essential identity in plants and 
animals and, ultimately, the general recognition of the extreme 
.importance of the role which it everywhere plays, must be reck- 
oned as one of the greatest scientific achievements of tliis^ cen- 
tury. It was Dujardin who in 1835 first distinctly called atten- 
tion to the importance of the "primary animal substance" or 
"sarcode" which forms the bodies of the simplest animals. 
Without clearly recognizing this substance as the seat of life, or 
using the word protoplasm, he nevertheless described it as en- 
dowed with the powers of spontaneous movement and con- 
tractility. The word protoplasm {TtpcSros, first; TtXdapiay 
form) was apparently first used for animal substance by Purkinje 
in 1839-40, and next by H. von Mohl, in 1846, to designate 
the granular viscid substance occuning in plant-cells, although 
both workers were ignorant of its full significance. In 1850 
Cohn definitely maintained not only that animal sarcode and 
vegetal protoplasm were essentially of the same nature, but 
also that this substance is the real seat of vitally and hence to 
be regarded as the physical basis of life. To Max Schultze 

* It is possible that in some of the lowest and simplest organisms even the 
nncleas may be wanting as a distinctly differentiated body. See p. 193. 



Digitized by 



Google 



22 PB0T0PLA8M AND THE CELL. 

(1860) is generally assigned the credit of having finally plaeed 
this conclusion^ upon a secure bafiis;_and.By him the meaning of 
the word Protoplas m was so extended as to include all living 
matter, whether animal or vegetal. In this sense the word is 
now universally employed. 

Appearance and Structure. Protoplasm and cells differ 
greatly in appearance in di fferent plants and animals, as well as 
in different parts an d di fferent stages of development of the 
same individual. The appearance of protoplasm and the consti- 
tution of the cell are as a rule 
most easily made out in very 
young structures, such as the 
eggs of some animals or in 
I the cells of young vegetal 
I shoots. The egg of the star- 
fish, for example, (Fig. 12), is 
I^ a single isolated cell of nearly 

typical form and structure. 

It is a minute, nearly spheri- 

FiG. i2.-siightiy diagrammatic figure of eal bodv (A- inch diameter) 

the egg or ovum of a star-fish, showing the , i • tl xi i 

structure of a typical cell, w, membrane ; m wnicn tlirCC parts may DO 
n, nucleus; p, protoplasm (cytoplasm). distinguished, viz. : (1) the 

cell-hody^ which forms tlie bulk of the cell ; (2) the nucleus^ a 
rounded vesicular body suspended in the cell-body ; (3) the mem- 
hrane or cell-wall^ which immediately surrounds the cell-body. 
Of these three, the nucleus and cell- body are mainly composed 
of protoplasm, while the membrane is a lifeless deposit upon the 
exterior. The protoplasm of the cell-body is generally called 
cell-plasm, or cytoplasm^ that of the nucleus nucleoplasm; that 
is, the living matter of the cell is differentiated into two different 
but closely related forms of protoplasm, cytoplasm and nucleo- 
plasm. 

The Cytoplasm appears as a clear semifluid or viscid sub- 
stance, containing numerous minute granules and of a watery 
appearance, though it shows no tendency to mix with water. 
•Under very high powers of the microscope, especially after treat- 
ment with suitable reagents, the clear substance is found to have 
a de finite structure, the precise nature of which is in dispute. 
By some o'bseryers it is described as a fibrous mesh work or retic< 
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nlum, like a sponge '^ by others as more nearly like an emulsion 
or foam^^ consisting of , a more solid framework^ enclosing Jnnu- 
^aerable minute separate spherical cavities filled with liquid ; by 
others still as composed of unbranched threads running^ in all 
directions through a more liquid basis; but its real nature is still 
unknown. 

It is evident that the visible structure of protoplasm gives no 
hint of its marvellous powers as the seat of vital action, and we 
are therefore conapelled to infer that it is endowed with a chemi- 
cal and molecular constitution extremely complex, and probably 
far exceeding in complexity that of any lifeless substance. 

The Nuclens is a rounded body suspended in the cell-sub- 
stance ; it is distinguishable from the latter by its higher refrac- 
tive power, and by the intense color it assumes when treated 
with staining fluids. It is surrounded by a very thin membrane, 
and consists internally of a clear substance {achromatin)^ through 
wliich extends an irregular network of fibres {chroinatin\. It 
is especially these fibres which are stained by dyes. In the 



Fig. 13. (After Sachs.)— Young growing cells from the extreme tip of a stonewor* 
(C/kira). wi, membrane; n, nuclei; p, protoplasm; v, vacuole filled with sap. 
(X550.> 

meshes of the network is suspended in many cases a second 
rounded body known as i\iQ nucleolus^ which stains even more ^ 
deeply than the network itself. 

The Membrane or Wall of the cell forms a rather thick sac, 
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composed of a soft, lifeless material closely surrounding the cell 
substance.* 

As a second example we choose the growing point of a com- 
mon water-pla nt {Cha/ra)^ Fig. 13. This structure is composed 
of cells which are more or less angular in outline as a result of 
mutual pressure, but show otherwise an unmistakable similarity 
to the egg-cell just described. They iMer^mainly in the fact 
that the protoplasm of the larger cells contains rounded cavities, 
known as "cacv^les^ fi lled with sap (v) ; also in the chemical com- 
position ci t he cell- walls (here consisting of '' cellulose," a sub- 
stance of rare occurrence among animals). 

Origin of Cells and Genesis of the Body. The body of every 
higher plant or animal arises from a single germ-cell ('' egg," 
^' spore," etc.) more or less nearly similar to that of the star- 
fish, described above, and originally forming a part of the parent 
body. The germ-cell, therefore, in spite of endless variations in 
detail, shows us the mod e l afte r whi ch all others are built ; for 
it gives rise to all the cells of the body by a continued process 
of s egmentatio n as follows : 

The first step (Fig. 14) consists in the division of the egg 
into two similar halves, which differ from the original cell only 
in lacking membranes, both being surrounded by the membrane 
of the original cell. Each of the halves divides into two, mak- 
ing four in all ; these again into two, making eight, and so on 
throughout the earher part of the development. By this process 
(known as the cleav age o r segmentation of the egg) the germ- 
cell gives rise successively to 2, 4, 8, 16, 32, 64, etc., de- 
scendants, forming a primitive body composed of a mass of 
nearly similar cells, out of which, by still further division and 
growth, the fully-formed body of the future animal is to be 
built up. The^e cells are only slightly modified, but differ in 
joaost anunals from the typical germ-cell in having at first no sur- 
rounding membranes. The membrane of the original germ- 
cell meanwhile disappears. 

* The word cell has been used in Chap. I and elsewhere to denote the 
living matter within the membrane, the latter being considered a product of 
the cell rather than an integral part of it^ It is more usual to include the 
membrane in a definition of the cell, and as a matter of convenience it is so 
included here. 
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The embryonic body or embryo of every higher plant and ani- 
mal is derived from the germ-cell by a process essentially like that 
just described, though both the fonn of the cells an d the order of 
^division are usually more or less irregular. In animals the cells 



Fig. U.— Cleavage or segmentation of an ovum, showing successive division of the 
germ-ceU (a) into two (b), four (c), and eight (d). Later stages are shown at 6 
and /. The first four figures are diagrammatic ; e and / are after Hatschek's fig- 
ures of the development of a very simple vertebrate {AmpMoxus), 

thus formed are iisually naked at iirst, though they often ac- 
quire a membrane in later stages. Among^ plants, on the con- 
trary, the cells usually possess membranes from th e iirst , prob- 
ably because their need for a firm outer support is greater than 
the need for free movenaent demanded by animals^* 

Modification of the Embryonic Cells. Differentiation. The 
close similarity of the embryonic cells does not long persist. As 
development proceeds, the cells continually increasing in number 
by division become modified in different ways, or differentiated^ 
to fit them for the many different kinds of work which they Tave 
to do. Those which are to become muscle-cells gradually assume 
an entirely different form and structure from those which are to 
become skin-cells; and the future nerve- or gland-cells take 
on still other forms and structures. The embryonic cells ai*e 
gradually converted into the elements of the different tissues — 
this process being the differentiation of the tissues yi\i\Q!^ has 

* For a more precise account of cell-division see p. 83. 



Digitized by 



Google 



26 PROTOPLASM AND THE CELL. 

already been mentioned on p. 11 — and are in this way enabled 
to effect 2^ ^phys iological division oflahorr. 

The variations in form and structm'e which thus appear are 
endlessly diversified. Cells may assume almost any conceivable 
form, and there are even cells (e.g., Amoeboe^ or the colorless 
corpuscles of the blood) which continually change their form 
from moment to moment. The variations in structure may in- 
volve any or all of the th ree cliaracteristic parts of the typical 
cell, being at the same time accompanied by variations of form. 
It is easy to understand, therefore, how cells may vary endlessly 
in appearance, while conforming more or less closely to the same 
general type. 

Meanwhile the protoplasm itself undergoes extensive altera- 
tion. Even in young^ cells, or in the germ-cell itself, it may 
contain an admixture of other substances, 
and these may entirely change their 
character or (as is especially common in 
plant-cells) may become more abun- 
dant as the cell grows older, taking the 
shape of fluid, solid, or even gaseous de- 
posits. Common examples of such de- 
posits are drops of water, oil, and resin, 
granules of pigme nt, starcli, and solid 

Fig. 15. (After Ranvier.)- H2l^^^ m^ii^v^, and" cjjstals of mineral 
Part of a single fibre of vol- substanccs like calcium Oxalate, phos- 
o7rSbbrp/^tp'lm1 pirate and carbonate, and silica. Bub- 
n, nucleus. (x700.) Mes of gas Sometimes appear in the pro- 

toplasm, but this is exceptional. The living substance itself 
often changes in appearance as the cells become differentiated. 
The protoplasm of voluntary muscles (Fig. 15) is firm, clear, 
non-granular, highly refractive, and arranged in alternating 
bands or stripes of darker and. lighter substance. In some cases 
(e.g., the outer portions of theskin, or of a hairj^as explained 
in Chap. II) the modifications of tlie cell-substance becomes so 
great that both its physical and chemical constitution are entirely 
altered , and it is no longer protoplasm, but some form of lifeless 
matter. 

Protoplasm in Action. We may now briefly consider proto- 
plasm from the dynamical or physiological point of view. We 
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know that living things are the seat of active changes, which 
taken together constitute their life. In the last analysis these 
changes are undoubtedly chemical actions taking place in the 
p rotoplasm, which may or may not produce visible results. 
There is no doubt that extensive and probably very complex 
molecular actions go on in the protoplasm of young growing 
cells, though it may appear absolutely quiescent to the eye, even 
under a powerful microscope. In other cases, the chemical 
action produces perceptible changes in the protoplasm, — for in- 
stance, some form of motioiv— just as the invisible chemical 
action in an electrical battery may be made to produce visible 
effects (Ught, locomotion, etc.) through the agency of an electrical 
machine. 

A familiar instance of protoplasmic movement is the contrac- 
tion of a muscle. This process is most likely a change of molec- 
ular arrangement, causing the muscle, while keeping its exact 
bulk, to change its form, the two ends being brought nearer 

together (Fig. 16). The visible change 
of form is here supposed to be due to an 
invisible change of molecular arrange- 
ment, and this in turn to be coincident 
with cliemical action taking place in the 
living substance. 

A striking and beautiful example 

of movement in protoplasm occurs in 

B the simple organism known as Amoeba 

(Fig. 84, p. 159). The entire body of 

this animal consists of a mass of naked 

protoplasm enclosing a nucleus, or 

A sometimes two ; in other words, it is a 

Fig. i6.-change of form in a single naked Cell. The protoplasm of 

contracting muscle. A, mus- ^n activc AwAxba is in a State of cease- 

cle in the ordinary or extend- . ,. 

ed state; B, the same muscle Icss movement, contractmg, expanding, 
when contracted. (Diagram.) fl^^^j^g^ and changing the form of the 

animal to such an extent that it is known as the "Proteus" 
animalcule. The whole movement is a kind of flux. A portion 
of the protoplasm flows out from the mass, making one or more 
prolongations {pseudopods) into which the remainder of the 
protoplasm finally passes, so that the whole body advances in the 
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direction of the flow. If particles of food be met with, the 
protoplafimfloT^ arou^nd them, and when they have been digested 
within the body, the protoplasm flows onward, leaving the refuse 
behind. Hour after hour and day after day this flowing may 
go on, and there is perhaps no 
more fascinating and suggestive 
spectacle known to the biologist. 
A similar change of form is ex- 
hibited by the colorless corpuscles 
of amphibian and other blood, in 
which it may be observed, though 
far less satisfactorily, if Amorce 
cannot be obtained. Among plants, 
protoplasmic movements of perhaps 
equal beauty may be observed. 
One of the simplest is known as tlie 
rotation of protoplasm, which may 



Fig. 17.— a ceU of a stonewort {Nitd* 

la) showing the rotation of proto- I 

plasm ; the arrows show the direc- Fig. 17a.— Two cells and a part of a 

tion of the flow, m, membrane of third from the tip of a "leaf" of a 

the cell; n, nucleus, opposite to stonewort, showing rotation of the 

which is a second ; p, protoplasm ; 1?, protoplasm in the direction of the 

large central vacuole fiUed with sap. arrows. 

be studied to advantage in rather young cells of stone worts {Char a 
or Nitella), These cells have the form of short or elongated 
cylinders which are often pointed at one end (Fig. 17). The 
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protoplasm is surrounded by a delicate membrane which thus 
forms a sac enclosing the protoplasm. In very young cells the 
protoplasm entirely fills the sac ; but as the cell grows older a 
d rop of liquid appears near the centre of the mass and increases 
in size until the protoplasm is reduced to a thin layer {jyrimor- 
dial utricle)^ lining the inner surface of the membrane (compare 
Fig. 2). In favorable cases the entire mass of protoplasm is 
seen to be flowing steadily around the inside of the sac, as in- 
dicated by the arrows in Fig. 17. It moves upwards on one 
side, downwards on the opposite side, and in opposite directions 
across the ends, forming an unbroken circuit. The flow is ren- 
dered more conspicuous by various granules and other lifeless. 
masse s floating in the protoplasm and by the large oval nucleus- 
or nuclei, all of whicli are swept onward by the current in its- 
ceaseless round. A similar rotation of protoplasm occurs in many 
other vegetal cells, one of the best examples being the leaf-cells- 
of AnaeJiaria, 

A second and somewhat more intricate kind of movement in 
vegetal protoplasm is known as c irculatio n. This differs from 
rotation chiefly in the fact that tlie protoplasm travels not only in 
a peripheral strea-m but also in strands which run across througE 
the central space (vacuole) and thus form a loose network. Cir- 




Fig. 18.— TIower-clnBter (a) and single stamen (b) of a cultivated splderwort (IVrtdefr 
canltAa), h, hairs upon the stamen, a, slightly reduced ; b, slightly enlarged 

culation is well seen in cells composing the hairs of various plants^ 
such as the common nettle (Urtica), the spiderwort {Trades- 
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cantia\ the hollyliock (Althcea), and certain species of gourds 
{Cucurhita). It may be conveniently studied in the hairs upon 
the stamens of the c ultivated s piderwort {TradescanUa). The 
fiower of this plant is shown in Fig. 18, a, and one of the 
€tamens with its hairs at h. Each hair cpnsista of a-« Hglo ro w 
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Fig. 19.— Enlarged cells of the hairs from the stamens of the spiderwort. Af fl»e 
cells, somewhat enlarged, protoplasm not shown ; B and C, cells much more en- 
larged, showing the cii-culation of protoplasm as indicated by the arrows ; /i, 
nucleus. 

of elongated ceUs covered by delicate membranes and connected 
by their ends. As in Nitella^ the protoplasm does not fill the 
cavity of the sac, but forms a thin lining {jprimordial utricle) 
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on its inner face (Fig. 19). From this layer deKcate threads of 
protoplasm reach into and pass through t he central cav ity, where 
they often branch ^and are connected together so as to form a 
very loose network. The nucleus (n) is embedded either in the 
peripheral layer or at some point in the network, and the threads 
pfjbhe latter always converge more or less r egularly to it. In 
active cells currents continually flow to and fro throughout the 
whole mass of protoplasm. In the threads of the network^gran-^ 
ules are borne rapidly along, gliding now in one direction, now 
in another ; and although the flow is usually in one direction in 
any particular thread, iiosystem can be discovered in the com- 
plicated movements of the whole. In the larger threads the 
curious spectacle often appears of two rapid currents flowing in 
opposite directions on opposite sides of the same thread. The 
currents in the thread may be seen to join currents of the pe- 
ripheral layer which flow here and there, but without sthe regu- 
larity observed in the protoplasm of Nitella, The protoplasmic 
network also, as a whole, undergoes a slow but steady change of 
form, its delicate strands slowly 
swaying hither and thither, while 
the nucleus travels slowly from 
point to point. 

Finally, we may consider an 
example of a form of protoplas- 
mic movement known as ciliary 
actio n, which plays an important 
role in our own lives and those 
of lower animals and of some 
plants. The interior of the tra- 
chea, or windpipe, is lined by 
cells having the form shown in 
Fig. 20. At the free surface of 
the cell (turned towards the cavi- 
ty of the trachea) the protoplasm 
is produced into delicate vibra- 
tory filaments having a sickle- 
shape when bent ; these are known as cilia {cilium^ an eyelash). 
They are so small and lash so vigorously as to be nearly or quite 
invisible until the movements are in some way made sluggish. 




Fig. 20. (After Klein.)— Three isolated 
ciliated cells from the interior of the 
windpipe of the cat. c, the cilia at the 
free end ; rj, the nucleus ; p^ the proto- 
plasm. (Highly magnified.) 



Digitized by 



Google 



32 PROTOPLASM AND THE CELL, 

The movement is then seen to be morej*apid_an(LYigorjOiis.iiLQne 
direction than in t he other, all the cilia working together like 
the oars of a row-boat acting in concerted motion. By this 
action a definite current is produced in the surrounding medium 
(in this case the mucus of the trachea) flowing in the direction 
of the more vigorous movement. In the trachea this movement 
is upwards towards the mouth, and mucus, dust, etc. , are thus 
removed from the lungs and windpipe. I n ma ny lower animals 
and plants, especially in the embryonic state, cilia are used as 
organs of locom otion, serving as oars to drive the organism 
through the water. The male reproductive germs of plants and 
animals are also propelled in a similar fashion. 

In all these forms of vital action the protoplasm is visibly at 
work. In most case s, however, no movements of tlie protoplasm , 
in cells can be det ected. But it is certain from indirect evidence 
that protoplasm is no less active in those modes of physiological 
action that give no visible outward sign, as for example in an 
active nerve-cell or a secreting cell. This activity being molec- 
ular and chemical is beyond the reach of the microscope, but it 
is none the less real ; and the play of these invisible molecular 
actions is doubtless far more tumultuous and complicated than the 
visible movements of the protoplasmic mass displayed in Nitella 
or in a nettle-hair. It is of the utmost importance that the stu- 
dent should attain to a full and vivid sense of the reality and 
energy of this invisible activity even in protoplasm which (as is 
ordinarily the case) under the closest scrutiny appears to be abso- 
lutely quiescent. 

The Sources of Protoplasmic Energy. Whence comes the 
power required for protoplasmic action, and how is it expended? 
The answer to this question can be given at this point only in 
very general terms. It is certain that j)rotoplasm works by 
nieans of che mical acti ons taking place jn its own substance; 
and it is further certain that these actions are, broadly speaking, 
processes of oxidation or combustion ; for in the long run all 
l?I??§-P??-E^9l^9Pl^§"^^^- action involve Jhe taking up of oxygen 
and the Uberation of carbon dioxide. Energy is therefore set 
free in living, active protoplasm somewhat as it is in the com- 
bustion of fuel under the boiler of a steam-engine, and in this 
process the protoplasm, like the coal, is gradually used up, disin» 
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tegrates, and wastes away, giving off as waste matter the various 
clieraical products of the combustion, and liberating energy as 
heat and mechanical work. The h)ss of substance is, however, 
continually m ade good (much as the coal is replenished) by the 
absorption of new substance in the form of food, which may 
consist of actual protoplasm, derived from other Jivjng^ ^??^lg®j 
or of substances convertible into it._ These substances are in 
some unexplained way converted into protoplasm and thus 
built into the living fabric. 

To tliis dual process of waste (^ Icataholism^) and repair 
{' ' a/nd bolism'''^) is applied the term metaholism^ which must be 
considered as the most characteristic and fundamental property 
of living matter. It is evident from the foregoing that meta- 
bolism involves on the one hand a destructive action Qcatabol' 
ism) through which protoplasm disintegrates and energy is set 
free, and on the other hand a constructive action (anaholism) 
whereby new protoplasm is built up from the income of food and 
fresh energy is stored. It is a most remarkable fact that as far 
as known the constructjye action resulting in the formation of 
new protoplasm never takes place except through the immediate 
agency of p rotopl asm alreadye^ting. In other words, there is 
no evidence that "spontaneous generation" or the production 
of living from lifeless matter without the influence of antecedent 
life ever takes place. Nor is there any evidence that any energy 
can be ''generated," but rather that the vital energy of living 
things is on ly the transformed energy of their food, and that 
'^ vital force ' ' havi ng an origin elsewhere than in such energy 
does not exist. 

Chemical Relations. We know nothing of the precise chemi- 
cal composition of living protoplasm, because, as has been said 
(p. 2), living protoplasm cannot be subjected to chemical analy- 
sis without destroying its life. But the results of chemical ex- 
aminations leave no doubt that the molecules of protoplasm are 
highly complex and are probably separated from one another by 
layers of water. 

A. Proteids. It has already been stated (p. 3) that the 
characteristic products of the analysis of protoplasm are the 
group of closely-related substances known aa proteids. But pro- 
teids form only a small part of the total weight of any plant or 
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animal,- being always associated with quantities of other sub- 
Btances. Even the white of an egg, which is usually taken for 
a typical proteid, contains only twelve per cent of actual proteid 
matter, the remainder consisting cliiefly of water. The follow- 
ing table shows the percentage of proteids and other matters in 
a few familiar organisms and their products : 

PROXIMATE PERCENTAGE COMPOSITION OF SOME COMMON 
SUBSTANCES.* 

Arraruged according to richness in Proteids, 
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AH proteids have nearly the same cliemical .composition and 
similar physical p roperti es^ however different may be the forms 
of protoplasm in which they occur. The analysis of protoplasm, 
or rather of the proteids which are its basis, teaches us really 
nothing of its vital properties, but serves only to show the 
chemical composition of the material basis by which these are 
manifested. 

Proteids are so called from their resemblance to protein 
(TrpdoTOSy Jlrst)j a hypothetical substance first described and 

♦ Compiled chiefly from tables of food-composition prepared by W. O. Atwater 
for the Smithsonian Institutiop, though a few examples have been added— viz.* 
numbers 2, 10, 11, 12, 16- from Johnson's How Crops Grow, N. Y., 1883. 
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named by Mulder. According to Hoppe-Seyler they have ap- 
proximately the following percentage composition : 
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A small quantity of phosphoms is also very frequency presenL. 
Associated with these elements are always small quantities of 
vari ous mineral substances which remain b& the ash when proto- 
plasm IB burned ; but the nature of their relations to the other 
elements is uncertain. The ash varies both in quantity and 
chemical composition in different animals and plants. In the 
white- o f-egg th e chief constituents of the ash are potassium chlo- 
_ ride (KCl) and sodium chloride (NaCl), the former being much 
in excess. The remainder consists of phosphates, su lphates, a nd 
carbonates of sodium and potassium, with minute quantities of 
calcium, magnesium, and iron, and a trace of silicon. Many 
other mineral substances occur in association with other kinds of 
proteids, but always in very small proportion. These salts are in 
some way essential to the activity of protoplasm, as we know by 
familiar experience. Man, like other animals and the plants, 
requires certain mineral substances (e.g. common salt), but we 
have no knowledge of the part these play in protoplasm. 

it is important to note the close chemical similar ity of animal 
and vegetal proteids, because this is one reason for regarding 
vegetal anJ animal protoplasm as essentially similar in other re- 
spects. The following table, from Johnson after Gorup-Besanez 
and Ritthausen, shows the percentage composition of varioufl pro- 
teids, and proves that the difference between vegetal and animal 
proteids is chemically no greater than that bet ween different 
kinds of vegetal or different kinds of animal proteids : 

PERCENTAGE COMPOSITION OF PROTEIDS. 
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There is a correspondiDg likeness iii^the general properties and reactions 
of proteids. They are coUpidal or non-diffusible, lieT, they will not" pass" 
through the membrane of a dialyfeer, or only with great difficulty ; they 
are rarely crystalline ; they rotate the plane of polarized light to the left. 
Though not all soluble in water, they may be dissolved by the aid of heat 
in strong acetic acid and in caustic alkalies, bjit are insoluble in cold ab- 
solute alcohol and in ether. They may be precipitated from solution by 
strong mineral acids, etc. Many proteids are precipitated by heat (a pro- 
cess which is called coagulation) ; and it is worthy of note that tempera- 
tures which produce coagulation of proteids (40°— 75° C.) produce also the 
death of most organisms. ** Amongst the organic proximate principles 
which enter into the composition of the tissues and organs of living beings, 
those belonging to the class of proteid or albuminous bodies occupy quite 
a peculiar place and require an exceptional treatment, for theyalone are 
never absent from the active living cells which we recognize as the pri- 
mordial structures of animalanci vegetable organisms. In the plant, whilst 
we recognize the wide distribution of such constituents as cellulose and 
chlorophyl, and acknowledge their remarkable physiological importance, 
we at the same time are forced to admit that they occupy altogether a 
different position from that of. the proteids of the protoplasm out of which 
they were evolved. "We may have a plant without chlorophyl, and a vege- 
table cell without a cellulose wall, but o ur ve ry conception of a living, 
functionally active, cell, whether vegetable or animal, is necessarily asso- 
ciated with the integri ty of it s protoplasm, of which the invariable organic 
constituents are proteids. 

" In the animal, the proteids claim even more strikingly our attention 
than in the vegetable, in that they form a very much larger proportion of 
the whole organism, and of each of its tissues and organs. We may indeed 
say that th e mate rial substratum of the animal organism is proteid, and 
that it is through the agency of structures essentially proteid in nature 
that the chemical and mechanical processes of the body are effected. It is 
true that the proteids are not the only organic constituents of the tissues 
and organs, and that there are^YersJ present in minute quantities, which 
probably are almost as widely distributed, such as for instance phosphorus- 
containing fatty bodies, and glycogen, yet avowedly we can (at the most) 
only SB, J probably, and cannot, in reference to these, affirm that which we 
may confidently affirm of the proteids — ^that they are indispensable constit- 
uents of every living, active, animal tissue, and indissolubly connected 
with'every manifestation of animal _ activity*" (Gamgee, Physiological 
Chemistry f Chap. I.) 

The molecular instability of proteids is proved by the ease 
with which they may be decomposed into simpler compounds ; 
their complex constitution by the numerous compounds, them- 
selves often highly complex, which may thus be derived or. 
split off from the.ni^ 
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Amongst the other matters found in protoplasm or closely 
associated with it those of most frequent occurrence and greatest 
physiological importance are two groups of less complex sub- 
stances, viz., car bohydrates and fats. These contain carbon, hy^* 
drogen, and oxygen, but no nitrogen ; they do not appear to be 
closely related to proteids in chemical constitution^^ but they 
occur to some extent almost everywhere in living organisms, and 
in many instances are known to be of great importance, espe- 
cially in nutrition. They are rich in potential energy and mo- 
bile Jn molecular arrangenient ; hence it is not strange that they 
figure largely in food, and are often laid by as reserve food- 
materials in the organism. 

JB. Caebohydrates. These substances are so called because, 
besides carbon, they contain hydrogen and o xygen united in the 
game proportions as in water. They include starch, various 
kinds of sugar, cellulose, and glycogen. Starch {QJl^S^^ is of 
very frequent occurrence in plant-cells, where it appears in the 
form of granules embedded in the protoplasm (Fig. 9). Cel- 
lulose, having the same chemical formula as starch, but quite 
iiitterent in physical properties, ahnost invariably forms the basis 
of the cell-membrane in plants. 

O. Fats. These are of especial importance as reserves of 
food-materials (e.g., in adipose tissue and in seeds). They con- 
tain much less oxygen than the carbohydrates; are therefore 
more oxidizable, and richer in potential energy.* They com- 
monly occur in the form of drops suspended in the protoplasm 
(Fig. 17), and are especially common in animal cells, though by 
no means confined to them. 

Physical Relations. The appearance, consistency, etc., of 
protoplasm have already been described ; but it still remains to 
speak of certain of its other physical properties, and especially 
of the manner in which its activity is conditioned by various 
physical agents. 

lidations of Vital Action to Temperature. It is a general 
law that within certain limits heat accelerates, and cold dimin- 
ishes, the activity of protoplasm. We know that cold tends to 

* According to careful researches, one pound of butter contains 5654 foot- 
tons, and a pound of sugar 2755 foot-tons, of energy. A pound of proteid is 
aearly equivalent in this respect to a pound of carbohjfbrate. 
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benumb onr own bodies (provided they become really chilled), and 
in lower animals the heart beats naore slowly, the movements be- 
come sluggish or cease, breathing becomes slow and heavy, — in 
a word, all of the vital actions become depressed, — whenever 
the ordinary temperature is sufficiently lowered. If we chill 
the rotating protoplasm of Cha/ra or NiteUa^ the vibrating cilia 
of ciliated cells, or an actively flowing AmcAa^ the movements 
become slower, and finally cease altogether. 

On the other hand, moderate warmth favors protoplasmic 
action. Benumbed fingers become once more nimble before the 
warmth of the fire. In a hot room the frog's heart beats more 
rapidly, cilia lash more energetically, the Amc^a flows more 
rapidly, and the protoplasm of Chara courses more swiftly. In 
the winter months the protoplasm of plants and of many animals 
is in a state of comparative inactivity. Most plants lose their 
leaves and stop growing; many animals bury themselves in the 
mud or in burrows, and pass the winter in a deep sleep (AiJ^r/io. 
tion)^ during which the vital fires bum low and seem well-nigh 
extinguished. The warmth of spring re-establishes the activity 
of the protoplasm, and in consequence animals awake from their 
deep and plants put forth their leaves. 

But this law is true only within certain limits. Extrem e 
heat and cold are alike inimical to life, and as the temperature 
approaches these extremes all forms of vital action gradually or 
suddenly cease. The limits are so variable that it is not at 
present possible to formulate any exact law which shall include 
all known cases. For instance, many organisms are JBUed at 
the„freezing::ppint-Of water (0^ C ); but certain forms of life 
have withstood a temperature of — 87° 0. (— 123® F.), and re- 
cent experiments show that frogs and rabbits may be chilled to 
an unexpected degree without fatal results. 

The upper limit is also inconstant, though less so than the lower. 
Most organisms are destroyed at the temperature of boiling 
water (100*^0.), but the spores of bacteria have been exposed to 
a much higher temperature without destruction (120**— 125® C). 
As a rule, protoplasm is killed by a temperature varying from 
40® to 50® C.^ the immediate cause of death being apparently 
due to a sudden coagulation (p. 36) of certain substances in the 
protoplasm. Thus, if a brainless frog be gradually heat6d| 
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death ensues at about 40^ C, and the body becomes stiflf and 
rigid {rigor caZoris) from the coagulation of the muscle-sub- 
stance. The lower forms of animal life agree well with plants 
in their '' fatal temperatures,'' which in many cases lie between 
40*^ and 50^ C. 

Lastly, it appears to be true that there is a certain most 
favorable or optimum temperature for the protoplasm of each 
species of plant and animal, this optimum differing considerably 
jn differ ent species. Probably the highest limit occurs among 
the birds, where the uniform temperature of the body may be 
as high asjiO^ C. The lowest occurs among the marine plants 
and animals of the Arctic seas, or of great depths, where the 
temperature seldom rises more than a degree or two above the 
freezing-point. Between these limits there appears to be great 
variation, but 35° C. may perhaps be taken as the average op- 
timum. 

Moisture, Protoplasm always contains a large amount of water, of 
which indeed the lifeless portion of living things chiefly consists. (Se 
table on p. 34.) All plants and animals are believed to be killed by com- 
plete drying, though some of the simpler forms resist partial drying for a 
long time, becoming quiescent and reviving again when moistened, some- 
times even after the lapse of years. Hence water appears to be an essen- 
tial constituent of protoplasm, although, as in the case of mineral matters, 
we do not know the nature of its connection with the other elements or 
compounds present. 

MecUi^city. It has been shown that many forms of vital action are ac- 
c ompanied by electrical disturbances in the protoplasm. It is therefore 
not surprising that the application of electricity to living protoplasm should 
have a marked effect on its actions. If the stimulus be very slight, proto- 
plasmic movements are favored. Colorless blood-corpuscles creep more 
actively, and ciliary action increases in vigor. Stronger shocks cause a 
spasmodic contraction of the protoplasm (tetanus) , from which it may or 
may not be able to recover, according to the strength of the shock. 

Poisons, Towards certain agents protoplasm is indifferent or seemingly 
so, but towards others it behaves in a very remarkable manner. The mat- 
ters known as poisons modify or destroy its activity, as is well known from 
the familiar effects of arsenic, opium, etc. Disease may also interfere with 
its normal activity ; but the consideration of these phases of the subject 
belongs to the more exclusively medical sciences, such as toxicology and 
pathology. 

Other Physical Agents, The more highly specialized forms of proto- 
plasm are affected by a great variety of physical agents, such as light, 
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sound, pressure, etc., and upon this susceptibility depend many of the 
Bfgher mamtestations of life. For instance, waves of light or of sound, 
acting upon special protoplasmic structures in the eye and ear, call forth 
actions which ultimately result in the sensations of sight and hearing. 
Similar considerations apply to the senses of smell, taste, and touch ; but 
the discussion of all these special modes of protoplasmic action must be 
deferred. Enough has been said to show that living organisms (that is, 
the protoplasm which is their essential part) are able to respond to many 
influences proceeding from the world in which they live. Upon this prop- 
erty depend the intimate relations between the organism and its environ- 
ment, and the power of adaptability to the environment which is one of the 
most marvellous and characteristic properties of living things. 

Non-diffiisibility. Living protoplasm, like most of the various proteid 
matters which it yields (p. 36), is indiffusihle. It will be seen eventually 
that osmotic processes play a leading 7'6le in the lives of plants and animals, 
since they are in large part the means by which nutriment is conveyed to 
the living substance. In view of this fact, the non-diffusibility of proto- 
plasm as well as of ordinary proteids is a fact of much significance. 

Vegetal and Animal Protoplasm. The protoplasm of plants is es- 
sentially identical with that of animals in chemical and physical relations, 
and manifests the same fundamental vital properties. But it would mani- 
festly bft n-hsiird to sup pose this identity absolute^ for jf it were so, plants 
and animals would also be identical ; and furthermore, the protoplasm 
of every species of^ plant and anTmal must differ more or less from the 
protoplasm of every ^ther species^ What is meant is that the differences 
between the many kinds of protoplasm are far less important than the 
fundamental resemblances which underlie them. 
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CHAPTER IV. 

THE BIOLOGY OF AN ANIMAL. 

The Common Earthworm. 

{Lumbricus terrestris, Linnaeus.) 

We now advance to a more precise examination of the living 
body considered as an individual. It is a familiar fact that 
living things fall into two great groups, known as plants and 
animals. We shall therefore examine a representative of each 
of these grand divisions of the living world, and inquire how 
they resemble each other and how they differ. Any higher 
animal would serve as a type, but the common earthworm is a 
peculiarly favorable object of study, because of the simplicity of 
its structure, the clearness of its relation to other animals stand- 
ing above and below it in the scale of organization, and the ease 
with which it may be procured and dissected. Earthworms, of 
which there are many kinds, are found in aU parts of the world, 
extending even to isolated oceanic islands. In the United States 
there are several species, of which the most common are Z. 
communis {Allolohqphora mucosa^ Eisen), Z. terrestris, and Z. 
fostidus {AUolopohhora foetida, Eisen). The first two of these 
are found in the soil of gardens, etc., Z. terrestris being the 
larger and stouter species and readily distinguishable by the 
flattened shape of the posterior region. Z. foetidus, a smaller 
red species, transversely striped, and having a characteristic 
odor, occurs in and about compost-heaps. 

Mode of Life, etc. Earthworms live in the earth, burrow- 
ing through the soil at a depth varying from a few inches to 
several feet. Here they pass the daytime, crawling out at 
night or after a shower. The burrows proceed at first straight 
downwards, and then wind about irregularly, sometimes reach- 

41 
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ing a depth of six or eight feet. The earthworm is a nocturnal 
animal, and during the day lies quiet in its burrow near the sur- 
face, extended at full length, head uppermost. At night it 
becomes very active, and, thrusting the fore end of the body 
far out, explores the vicinity in- all directions, though still clinging 
fast, as a rule, to t he mouth of the bu rrow by the hinder end. 
In this way the worm is able to forage, seizing leaves, pebbles, 
and other small objects, and dragging them into the burrow. 
Some of these are devoured ; the remainder (including the peb- 
bles, etc.) are used to line the upper part of the burrow, and to 
plug up its opening when the worm retires for the day. Be- 
sides bits of leaves and animal matter, earthworms swallow large 
quantities of earth, which is passed slowly through the alimentary 
canal, so that any nutritious substances contained in it may be 
digested and absorbed. This earth is generally swallowed at a 
considerable distance below the surface of the ground, and is 
finally voided at the surface near the opening of the burrow. 
In this way arise the small piles of earth ('' castings ^^ or f wees) 
which every one has seen, especially in the morning, wherever 
earthworms abound. Very large quantities of earth are thus 
brought to the surface by earthworms— in some cases, accord- 
ing to Darwin's estimates, more than eighteen tons per acre in 
a single year. In fact, most soils are continually being worked 
over by worms; and Darwin has shown that these humble 
creatures, in the course of Centuries, have helped to bury huge 
rocks and the ruins of ancient buildings.^ 

The earthworm has no ears, eyes, or any other well-marked 
organs of special sense. Nevertheless — and this is a point of 
great physiological interest — ^the fore end of the body, is sensi- 
tive to light ; for if a strong light be suddenly flashed upon this 
part of the worm as it Ues stretched forth, it will often '' dash 
like a rabbit into its burrow." The animal has a keen sense of 
touch, as may be proved by tickling it ; and its sense of taste 
must be well developed, since the worm is somewhat fastidious 
in its choice of food. Earthworms appear to be quite deaf, but 
possess a distinc t, though feeble, sense of smell. 

* Darwin, Vegetable Mould and Earthworms, Appleton, N. Y., 1882. See 
also White's NaturcU History ofSelborne, Index, references to •* Earthworms." 
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Genbbax Mobphology. 

Attention will first be directed to certain features of the 
BODY seemingly of little importance, but really full of meaning 
when compared with like features in other 
animals higher or lower in the scale of 
organization. 

Antero- posterior Differentiation. The 
body (Fig. 21) has an elongated cyUndrical 
form, tapering to a blunt point at one end, 
obtusely rounded and flattened at the other. 
As a rule, the pointed end moves for- 
wards in locomotion, and the mouth opens ^ 
near it. For these and other reasons 
the pointed end might be called the head- 
end, and the other the tail-end. But the 
worm has really neither head nor tail, and 
hence the two ends may better be distin- 
guished as ih^fore end and ihe hinder end^ 
or still better as anterior and posterior. 
And in scientific language the fact that the 
worm has anterior and posterior ends 
which differ from each other is stated by 
saying that it shows antero-posterior differ- 
e^itiation. This simple fact acquires great 
importance in the light of comparative 
biology; for it may be shown that the 
antero-posterior differentiation of the earth- 
worm, insignificant as it seems, is only the 
begining of a series of important modifica- 
tions extending upwards through more and 
more complex stages to culminate in man 
himself. 

Fig. 21.— Enlarged view of the anterior and posterior 
parts of the bod^r of an earthworm as seen from the 
ventral aspect, an^ anus ; c, clitellum ; gf.p., glandular 
prominences on the 26th somite ; m, mouth ; o.d, exter- 
nal openings of the oviducts ; p.s.y prostomium ; 8, sets ; 
8.rM openings of the seminal receptacles ; 8.d., external- 
openings of the sperm-ducts. The form of the body 
varies greatly in life according to the state of expan. 
eion. The specimen here shown is from an alcoholic 
preparation. (Slightly enlarged.) 
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Dor80-T«ntraI Differentiation. In Kving or well-preserved spe- 
cimens, the body is not perfectly cylindrical, but is somewhat 
flattened, particularly near the posterior end, and has a slightly 
prismatic four-sided forna. One of the flattened sides, slightly 
darker in color than the other, is habitually turned upwards, and 
is therefore called the back, the opposite or lower side, commonly 
turned downwards, being the belly. For the sake of accuracy, 
however, biologists are wont to speak of the dm^sal ^^^^^ (back) 
and v entral aspect (belly) of the body ; and the fact that an animal 
has a back and belly differing from each other in structure or 
function, or both, as in the earthworm, is expressed by saying 
that the body exhibits dorso-ventral differentiation. This, like 
antero-posterior differentiation, is very feebly expressed in the 
external features, though clearly marked in the armngement of 
the internal parts of the earthworm. In higher animals it 
becomes one of the most conspicuous features of the body. 

Bilateral Symmetry. When the body is placed in the natural 
position, with the ventral aspect downwards, a vertical plane 
passing longitudinally through the middle will divide it into 
exactly similar right and left halves. This similarity is called 
two-sided likeness, or hilateral symmetry. Though not very 
obvious externally, this synometry characterizes the arrangement 
of all the internal parts ; and it may be gradually traced up- 
wards in higher animals, untU it becomes as striking and perfect 
as in the human body. 

Thus a very supe rficial examination reveals in the eartli- 
worm two fundamental laws of organization, viz., differentia^ 
tion or the law of difference^ and syrarrietrji or the law of like- 
ness. And these laws are of interest for the reason among 
many others that earthworms, like other organisms, have as a 
race had a history, have ccyme to he hj a gradual process (cf . 
p. 99). And biology must strive to answer the questions how and 
why certain parts have become symmetricai and others diffe]:.- 
entiated. Without entering into a full discussion of the ques- 
tion at this point, it may be said th^t the main cause of sym- 
metry or differentiation has prgbably been likeness or unlikeness 
of fonction, or of relation to the environment. Earthworms 
show antero-posterior and dorso- ventral differentiation, because 
the anterior and posterior extremities, or the dorsal and ventral 
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aspects, have been differently used and exposed to different con- 
ditions of environment. And on the other hand the organism is 
bilaterally symmetrical, because the two sides have been similarly 
used and have been exposed to like conditions of environment. 

Metamerism. Another general feature of the earthworm ift 
of great importance in view of the conditions existing in other 
animals, including the higher forms. The body is marked off 
by transverse grooves into a series of similar parts like the joints 
of a bamboo fishing-rod, or like the jomts of fingers (Fig. 21). 
These parts are called metameres^ or more often somiteSy^ and 
the body is consequently said to have a metameric structure, or 
to exhibit metamerism. From the outside, the somites appear to- 
be produced simply by regular folds in the skin, like the 
wrinkles between the joints of our fingers. But as the wrinkles- 
of the fingers are only the external expression of a more funda- 
mental jointed structure within, so the external folds separating 
the somites, represent an internal division into successive parts, 
which affects all the organs of the body, and is a result of some 
of the most important phenomena of development. 

The expla nation of metamerism or ^''serial symmetry^^ is one of the, 
most difficult problems of morphology. But it will be seen farther on that 
metamerism, so clearly and simply expressed in the earthworm, can be- 
traced upward in ever-increasing complexity to the highest forms of life, 
and suggests some of the most interesting and fundamental problems with 
which biology — and especially morphology — has to deal. Indeed, the 
comparative study of the anatomy of most higher animals consists very 
largely in tracing out the manifold transformations of their complicated 
somites, which under many disguises can be recognized as fundamentally 
like the simpler somites of the earthworm. 

Modifications of the Somites. The somites differ considerably 
in different parts of the body. The extreme anterior end is- 
formed by a smoothly-rounded knob called the jprostomium^ 
which is shown by its mode of development not to be a true 
somite. It forms a kind of overhanging upper lip to the mouthy 
which lies just behind it on the ventral aspect. Behind the- 
mouth is the first somite, in the form of a ring,^ interrupted 
above by a backward prolongation of the prostomium. 

* In numbering the somites the prostomium must never be reckoned, the 
first somite being behind the mouth. 
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The somites from the Ist to the 27th are rather broad, 
and gradually increase in size. A variable number cf the 
eomites lying between the 7th and 19th are often swollen on 
the ventral side, forming the so-called capsulogenous glands. 
Between the j8th and 35th (the number and position vary- 
ing slightly in different specimens) the somites are swollen 
above and on the sides, and the folds between them are 
scarcely defined except on the ventral aspect. Taken together, 
they form a broad, conspicuous girdle, called the ditel lum 
(Fig. 21, (?), whose function is to secrete the capsule in wEch 
th e eggs are laid, and also a nutritive milk-like fluid for the use 
of_the developing embryos. (The cUtellum is not present in 
immature specimens.) B ehind the clitel lum the somites are 
narrower, somewhat four-sided in cross-section, andjlattened 
from above downwards. This flattening sometimes becomes 
very conspicuous towards the posterior end. Towards the very 
last they decrease in size rather abruptly, and they end in the 
unal s omit e, which is perforated by a vertical slit, the anus 
(Fig. 21, an). All the somites are perforated by^malljopenings 
le ading i nto the interior of the bod y, and form ing the outlets of 
numerous orga ns ; the position of these openings will be de- 
scribed in treating of the organs. Each somite, excepting the 

anterior two or thre^ and th^ast, 
gives insertion to four groups £)i 
short and minute bristles or setce^ 
which are arranged in four longi- 
tudinal rows along the body. Two 
of these rows run along the ventral 
aspect, two are more upon the 
sides. The setae extend outwards 
from the interior of the body, 
where they are suppUed with 8mall_ 
muscles by which they can be 
turned somewhat either forwards or backwards, and can also be 
j)rotruded or withdrawn (Fig. 22). The setae are of great Hge 
in locomotion. When pointed backwards they support the worm 
as it crawls forwards ; when they are turned forwards the worm 
<3an creep backwards. They are of interest, therefore, as repre^ 
jsenting an extremely simple and primitive limb-like organ. 




Fig. 22.— Diagram to iUustrate the 
action of the setaB. The dotted 
outline represents the position of 
the seta and its muscles when 
bent in the opposite direction, m, 
muscles ; 8, seta ; w^ body-waU. 
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Han of the Body. The body of the earthworm (Fig. 23), 
like that of all higher animals, consists of two tubes, one (oT) 
within the other and separated from it by a considerable space 
or cavity {ccb). The inner tube is th e alime ntary canai^ open- 
ing in front by the mouth and behind by the anus ; the outer 
tube is the body- wall, and its cavity is the hody-camty or ccdom. 




m 
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Fig. 23.— ui, dlasrram of the earthworm as seen in a lonsritudinal section of the body, 
showing the two tubes, the coelom, and the dissepiments. B, diagram of cross- 
section : (Ay alimentary tube ; an^ anus ; cos, ccelom ; m, mouth. C, diagram 
showing the arrangement of some of the principal organs : m, mouth; mu anus; 
oZ, alimentary canal; d«, dissepiments; d.r., dorsal blood-vessel; r, ventral op 
sub-intestinal vessel ; c.v., circular vessels ; n, nephridia or excretary organs ; t.Q^ 
cerebral ganglia ; tJ.g., ventral chain of ganglia ; o.d., oviduct; o.^., ovary. The 
arrows indicate the course of the circulation of the blood. 



t' 



The ccelom is not, however, a free continuous space extending 
from end to end, but is divided transversely by a series of thin 
muscular partitions, the dissepiments^ into a series of nearly 
closed chambers traversed by the alimentary canal. Each com- 
partment corresponds to one somite, the dissepiments being 
opposite the external furrows mentioned on p. 45. AH the 
organs of the body are originally developed from the walls of 
these chambers, and some of them (e.g., the organs of excretion) 
project into the cavities of the chambers, that is into the ccelom. 
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In the median dorsal line of eaeli somite (excepting the first 
two or three) is a minute pore (the dorsal ^ore)^ which perfo- 
rates the body-wall and thus places the co^lom in connection 
with the exterior.* Other pores that pass through the body- 
wall into the cavities of various organs will be described fur- 
ther on. 

Organs of the Animal Body. Systems of Organs. The body of 
the earthworm consists essentially of protoplasm, and in order that 
so large a mass of living matter may continue to exist and carry 
on the ordinary life of an earthworm it must be able to obtain 
a sufficient supply of food; to digest and absorb it, and dis- 
tribute it to all parts of the body ; to build up new protoplasm 
and remove waste. It must be sensitive to external and internal 
influences ; capable of motion and locomotion. Above all, each 
part must act with reference to, and in harmony with, every 
other part, so that the organism may not be merely an aggregate 
of organs, but one bod y acting as a unit or a whole. 
^ These functions are fulfilled by the organs, respectively, of 
lifciMK^^i^^roN, digestion, absorption^ oikculation^ excretion, 
SENSATION, MOTION, and coordination. _AII of these minister to 
the welfare of the individual. The reproduotive function, on 
the other hand, and its corresponding organs, serve to perpet- 
uate the species, thus ministering rather to the race than to the 
individual. 

Sets of organs devoted to the same function constitute sys^ 
terns/ as the alhnentary system^ the circulatory system^ etc. 
Those which are more immediately concerned with the income 
and outgo of matter — namely, the alimentary, digestive, absorp- 
tive, circulatory, and excretory systems — are sometimes called the 
. "vegetative systems or systems of nutrition j while those which 
have*to 3b more immediately with tlie relation of the body to 
its environment, rather than the individual itself, are called ^5- 
tems of relation. Examples of the latter are the systems of 
organs of support, motion (including locomotion), sensation, and 
ooordination ; and even the reproductive system, as relating chiefly 
to other individuals, finds a place here. 

* If living worms be irritated tliey will often extrude a milky fluid from 
these pores, biit the use of the latter is not well understood. 
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A. Systems of Nutritive Organs : their Special Mor- 
phology AND Physiology. (ForB see p. 62.) 

Alimentary System (Organs of Alimentation). Earth-worms 
feed mainly upon leaves or decaying vegetable matter, but 
will also eagerly devour meat, fat, and other animal sub- 
stances. They also swallow large quantities of earth from 
which they extract not only any organic materials that it may 
contain, but probably also moisture and a small amount of vari- 
ous salts. The most essen tial and characteristic part of their 
Jood is derived from vegetal or animal matter in the form of 
various organic comp ounds, of which the most important are 
jproteids (protoplasm, albumen, etc.), carhohydrates (starch, 
cellulose), w^xdifats. These materials are used by the animal in 
the manufacture of new protoplasm to take the place of that 
which has been used up. It is, however, impossible for the ani- 
mal to build these materials directly into the substance of its 
own body. They must first undergo certain preparatory chemi- 
cal changes known collectively as digestion / and only after the 
completion of this process can all the food be absorbed into the 
circulation. For this purpose the food is taken not into the 
body proper, but into a kind of tubular chemical laboratory 
called the alimentary canal through which it slowly passes, 
being subjected meanwhile to the action of certain chemical sub- 
stances, or reagents, known as digestive ferments, ^ These sub- 
stances^wliicli are dissoIvedn[ii'a "walery liquid to form the diges^^ 
tive fluids are secreted by the walls of the alimentary tube. 
Through their action the solid portions are liquefied and the food 
is rendered capable of absorption into the proper body. 

The aHmentary canal is divisible into several differently con- 
structed portions playing different parts in the process of alimen- 
tation. Going backwards from the mouth these are as follows : 

1. The pha/rymc (Fig. 24, ph)^ an elongated barrel-shaped 
pouch extending to about the 6th so mite. Its walls are thick 
and muscular, and from their coelomic surface numerous small 
muscles radiate on every side to the body-wall. When these 
muscles contract, the cavity of the pharynx is expanded ; and if 
the mouth has been previously applied to any solid object, such 
as a leaf or pebble, the pharynx acts upon it like a suction-pump. 



Digitized by 



Google 



60 THE BIOLOGY OF AN ANIMAL. 



10. 



15. 



Fig. 24.— Donal view of the anterior part of the body of iMovltyrixMA, as it appears 
when laid open along the dorsal aspect, ao^ aortic arch ; c, crop ; eg, cerebral 
ganglia; e.(7l, calciferous glands; d, dissepiment; d.t% dorsal vessel; g^ gizzard; 
CB, cBSophagus ; pTi, pharynx ; ]98, prostomlnm ; 8.i, stomach-intestine, showing 
the lateral pouches ; 9..r^ seminal receptacles ; 8.v.^ &v.*, «.v.S the three pairs ot 
lateral seminal vesicles. J 
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In this way the animal lays hold of the various objects, nutri- 
tious and otherwise, which it devours or draws into its burrow. 

Embedded in the muscular walls of the pharynx are a 
number of small ''salivary" glands of whose function nothing 
is definitely tnown, though they doubtless pour a digestive fluid 
into the pharyngeal cavity. 

2. The 0380£ha^us^{(B)^ a slender, thin- walled tube extending 
from the 6th to the 15th somite. Through this the food is 
swallowed, being driven slowly along by wavelike {pei^istaltic) 
contractions (p. 55). In the region of the 1 1th and 12th ? 
somites are three pai rs of small pouches opening at the sides of r ^ ! 
the oesophagus. These are the c alciferous glands {c.gl.). They 8 ^ ^ 
contain solid masses of calci um carbon ate, and Darwin conjee- * 5 ^ 
tures that their use is partly to aid digestion by neutralizing the 3 3 
acids generated during the digestion of leaves, and perhaps c ^ 
partly to serve as an outlet for the excess of lime in the body, s 
especially when worms live in calcareous soil. ^ .. ■ 

3. The croj[) (e), about the 16th somite; a thin-walled, sac- * 
like dilatation of the alimentary canal, which serves as a reser- 
voir to receive the swallowed food. 

4. The qizzard (^), about the 17th somite ; a cylindrical, 
fi rm a nd muscular portion, lined by a horny membrane. In this 
the food is rolled about, squeezed and ground to prepare it for 
digestion in the following portion, viz. : 

5. The sto7nach-i7ite^tine (s,i.), which corresponds physio- 
logically to both the stomach and intestine of higher animals. 
This is a straight thin- walled tube, extending from the gizzard 
to the anus, without convolutions, not differentiated into stomach 
and intestine, and devoid of distinct glandular appendages such 
as the liver or pancre^ existing in the higher animals. The 
digestive fluid is secreted by the walls of the alimentary canal 
itself, the surface of which is much increased by the presence of 
lateral^jyuch es or dive rticula^ one on either side in each somite,. 
in front these are large and conspicuous, but behind they gradu- 
ally diminish in size until scarcely perceptible. 

The inner surface of the stomach-intestine is further increased by a 
deep inward fold, called the typhlosole^ running longitudinally along the 
dorsal median line. The typhlosole is not visible on the exterior, but is 
seen by opening the stomach-intestine from the si(}e or below, or upon 
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making a cross-section. It is richly su pplied with hlood-v essels ihdiX pass 
down into its cavity from the dorsal vessel (Fig. 39), and its main func- 
tion is probably to increase the surface for the absorption of food (cf. the 
** spiral valve " in the intestine of sharks.) 

The outer surface of the stomach-intestine i£ covered with j)igmented, 
yellowish-brown ** chloragogue-cells." These were formerly supposed to be 
concerned with the secretion of 'the digestive fluid, and hence are often 
JSalled *' hepatic cells." This, however, is probably an erroneous interpreta- 
tion, and they are now believed to be concerned with the process of excre- 
tion (p. 61). 

Digestion. Digestion begins even before the food is taken 
into the alimentary canal ; < before being swallowed, the leaves, 
etc., are moistened by digestive fluid poured out from the 
mouths of the worms. The main action, however, doubtless goes 
on in the anterior ^art of the stomach-intestine and diminishes 
as the food passes backward. It has been proved by experiment 
that the digestive fluid acts on at least two of the three principal 
varieties ~of organic food-stuffs, viz., on proteid s and, ^n starch 
(carbohydrate), and in so far resembles the pancreatic fluid of 
higher animals, which it furtfeer resembles in having an alkaline 
reaction. Analogy leads us to believe that the digestive fluid 
has some action also on f ats ; but this has not been proved. 

Krukenberg and Fredericq have shown that the digestive fluid of the 
earthworm contains at least three ferments ; and according to the former 
author these occur only in the stbmacli-inlestine. They are as follows : 

1. Peptic ferment^ which has the property in an acid medium of con- 
verting proteids into soluble and diffusible peptones; this is therefore 
analogous to the pepsin^ThT^astric juice in higher forms. 

2. Tryptic ferment, having a similar action on proteids, but only in an 
alkaline medium — hence analogous to the trypsin of pancreatic juice. 

3. IHastatic ferment, which converts starch into glucose (grape-sugar) 
in an alkaline medium — hence analogous to the ptyalin of saliva and the 
amy loly tic ferment of pancreatic Juice." 

Ahsorption, The ferments of the digestive fluid convert the 
8olid_proteids into soluble and diffusible peptones, the starchy 
matters into sugar (glucose). These products dissolve in the 
Kquids present and are then gradually absorbed by the walls of 
the intestine as the food passes along the alunentary canal. The 
precise mechanism of absorption is not yet thoroughly understood, 
but it is probable that much of the nutriment passes by diffusion 
(osmosis) into the walls of the stomach-intestine and thence into 
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the b lood f or distribution to all parts of the body. The refuse 
remaining in the alimentary canal (and which has never been a 
part of the body proper) is finally voided through the anus as 
coMmgs^v'Jyeces. This process of " def secation " must not be 
confo unded w ith that oi excretion, which ^vill be describedlater. 

Circulatory System. The food, having been absorbed, is 
distributed throughout the body by two devices. 

1. Ccelomic Circulation. The cavity of the coeloin^is^filled 
with a colorless fluid (' ' ccelomic fluid ' ') which must be regarded as a 
kind ofTymph or blood. By the contractio ns of the body-wall, as 
the worm crawls about, the ccelomic fluid is driven back and f ojlh 
through all parts of the coelom, 
through irr egular openings in the 
dissepiments. As the digested 
food is absorbed from the stomach- 
mtestine a considerable part of it is 
believed to pass into the ccelomic 
fluid, and is thus conveyed directly 
to the organs which this fluid 
bathes. The ccelomic fluid is com- 
posed of two constituents, viz., a 
colorless fluid called the ^^o^m^, 
and colorless isolated cells or cor- 
puscles which float in the plasma, 
and are remarkable for the fact 
that they undergo constant though 
slow changes of form. In fact they 
closely resemble certain kinds of 
AmwhcB, and we should certainly 
consider them to be such if we 
found them occurring free in stag- 
nant water. We know, however, 
that they live only in the plasma, and have a common origin 
with the other cells of the body ; hence we must regard them 
not as individual animals, but as constituent cells of the earth- 
worm. The ccelomic fluid is in fact a kind of tissue consisting 
of isolated colorless cells floating in a fluid intercellular substance. 
These free floating cells are probably the scavengers {phagocytes) 
of the body, devouring and destroying waste matters. Some 



'^w^ 




Fig. 25.— Phagocytes, from the cce- 
lomic fluid of the earthworm. A^ 
agglomeration of phagocytes, 
surrounding a foreign body; B, 
single phagocyte, with vacuoles, 
(After Metschnikoff.) 
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suppose that they also attack invading parasites such as bacteria. 

2. Vascular Circulation, Besides the coelomic circulation 
there is another and more complicated circulatory apparatus con- 
sisting of branching tubes, the Hood-vessels^ which form a com- 
plicated system ramifying throughout the body. Through these 
tubes is driven a red fluid analogous to the red blood of higher 
animals, and like it consisting oijolasma and ^^>^!]^*£^ff 5 the latter 
being flattened and somewhat spindle-shaped. The red color is 
due to a substance, hcemoglohin^ dissolved in the j)lasma and not (as 
in higher forms) contained in the corpuscles^ which are colorless. 

The earthworm is not provided with a special pumping- 
organ* or heart for the propulsion of the blood, such as we find 
in higher animals. In place of this certain of the larger blood- 
vessels (viz., the ''dorsal vessel" and the "aortic arches") 
have muscular contr actile wa lls, which propel the blood in a con- 
stant direction by wave-like contractions that run along the 
vessel from one end to the other (" peristaltic " contractions, cf. 
p. 51) at regular intervals and thus give rise to a "pulse." 
The contractile vessels give off other non-contractile jbrunts 
which divide and subdivide into tubes of extremely small calibre 
and having very thin walls. The ultimate branches, known as 
ca pillaries ^ permeate nearly all the organs and tissues, in which 
they form a close network. The stream of blood after passing 
through the capillaries is gathered into successively larger vessels 
which after a longer or shorter course finally empty into the 
original contractile trunks and complete the circuit. Thus the 
vascular system is a closed system of tubes, and there is reason to 
believe that the blood follows a perfectly definite course, though 
this is not yet precisely determined.*^ 

We may now consider the arrangement of the principal 
trunks. The largest of them, which is also the most important 
of the contractile vessels, is : 

a^ The dorsal vessel (Fig. 24, d,v,)^ a long muscular tube 
lying upon the upper side of the alimentary canal. In the liv- 
ing worm it may be distinctly seen through the semi-transparent 

* It should be noted that in the absence of a heart it is diflBcult to distin 
guish between ** arteries" and ** veins." We may more conveniently distin- 
guish •* afferent vessels," carrying Wood towards the capillaries, and '* efferent 
vessels," carrying blood away from them. 
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skin as a dark-red band, which is tolerably straight when the 
worm is extended, but is made zigzag by contraction of the body. 
If it be closely observed, a sort of wavelike contraction is often 
seen running from behind forwards. This may be very clearly 
observed in a woinn stupefied by chloroform, especially if it has 
been laid open along the dorsal side. The dorsal vessel then 
appears as a deep-red, somewhat twisted, tube running along the 
upper side of the alimentary canal. Wavelike contractions 
continually start from its hinder end and run rapidly forwards, 
one after another, to the anterior end, where the dorsal vessel 
finally breaks up on the pharynx into a large number of branches 

pvw ~ " ■'; " / '7 ■ " 

The result of these orderly progressive contractions is that 
the fluid within the tube is pushed forwards — very much as the 
fluid in a rubber tube is forced along when the tube is stripped 
through the fingers. It is still better illustrated by the action 
of the fingers in the operation of milkmg. This action of the 
vessels is a typical example oi peristaltic contractimi. 

h. Sub-intestinal "vessel. This is a straight vessel which 
runs along the middle line on the lower side of the alimentary 
canal, parallel to the one just described. It returns to the 
hinder part of the body the fluid which has been carried 
forwards by the dorsal vessel. On the pharynx it breaks up 
into many branches^ which receive the fluid from corresponding 
branches of the dorsal vessel. 

G, Circular or commissur al vessels^ metamerically repeated 
trunks which run from the dorsal vessel downwards, arouni tha 
alimentary canal and ultimately connect with the ventral vessel. 
They are of several kinds, of which the most important are as 
follows : 

1. The aortic arches or circumcesophageal vessels^ often 
known as ''hearts," since like the dorsal vessel they are con* 
tractile and with the latter furnish the entire propulsive force 
for the circulation. These are five pairs of large vessels en- 
circuling the oesophagus in somites 7 to 11 inclusive. These 
vessels pass directly from the dorsal to the ventral vessel, giving 
off no branches. During life they perform powerful peristaltic 
contractions, receiving blood from the dorsal vessel and pmnping 
it into the sub-intestinal or ventral. 
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2. DorsO'intestinal -v^^^Z^, passing from the dorsal vessel 
into the wall of the gut in the region of the stomach-intestine. 
Of these vessels there are two or three pairs in each_somite. 
They are thickly covered (like the dorsal vessel in this region) 
with pigmented ''chloragogue-cells," so that their red color is 
usually not apparent. Unlike the aortic arches these vessels 
break up on the wall of the intestine into capillaries which are 
continuous with branches from the ventral vessel. * "' 
~ 3. Dorso-tegumeniary vessels^ passing from the dorsal vessel 
along the dissepiment into the body-wall on each side. These 
are small vessels that pass directly_around_ the body to connect 
with a longitudinal trunk ( ^^ sub-neura l ") lying below the ven- 
tral nerve-cord (see below), and giving off branches to the body- 
wall^ dissepimentSj and nephridia. ^"^ ^ 

Course of the Blood. The precise course of the blood in 
Lumbricus is still in dispute, though its more general features are 
known. It is certain that the bulk of the blood passes forward in 
the dorsal vessel, downward around the gut through the aortic arches 
into the ventral vessel, and thence backwards towards the pos- 
terior region. Its path thence into the dorsal vessel is doubtful. 
The most probable view is that the blood proceeds from the ven- 
tral vessel through ventro-mtestinal vessels to the capillaries of 
the intestine and thence to the dorsal vessel through the dorso- 
intestinal vessels. It is possible, however, that the return path 
is through the dorso-tegumentary vessels and that the dorso 
intestinal carry blood y*/*om the dorsal vessel to the intestine. 

> In the foregoing account only the more obvious features of the blood- 
'^ .vessels have been mentioned, and many important details have been passed 
over. The circular vessels of the stomach-intestine can be followed for 
only a short distance out from the dorsal vessel, where they seem to break 
up into a large number of small parallel vessels lying close together and 
running around to the lower side. The efferent vessels do not directly join 
the sub-intestinal, but empty into a sinus or vessel which runs parallel to 
tne latter, closely imbedded in the wall of the stomach-intestine. The sub- 
intestinal vessel proper is quite separate from the stomach-intestine, and 
communicates by short branches (usually two in each somite) with the 
vessel lying above it. This may be clearly seen in the region of the_gizzard. 
On this there is a variable number of small lateral vessels, which break up 
partly into a branching network, and are partly resolved into extremely 
fine parallel vessels surrounding the organ. On the crop are three or four 
pairs of lateral branches from the dorsal vessel which branch out into a 
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fine network, but do not break up into parallel vessels as on the gizzarc^. 
In the two somites (13th and 14th) in front of the crop there are usuahy 
two pairs of vessels running around the oesophagus^"*!"^^^© H*^ ^nd 12th 
somites a small branch is given oiTto each "calcif erous gland. The most 
anterior pai r oF circ ular ve ssels~are in the 6th somite, and are very small. 
In front of this the dorsal vessel breaks up intoThe pharyngeal network. 
In front of the 11th somite there are three sub-intestinal vessels. The two 
additional vessels lie, one on either side of the primary one and break up 
into branches at the sides of the pharynx. The aortic arches empty into 
the middle vessel, and at the point of junction there is a communication 
with the lateral vessel of the corresponding side. 

Besides the dorsal and sub-intestinal vessels there arejhree other mitnr 
longitudinal trunks (Fig. 26). Two of these are very small, and lie on 




Fig. 26.— Dorsal view of part of the ventral nerve-cord, showing the arrangement of 
the vessels of the ventral region, ds, dissepiment ; si, sub-intestinal or ventral 
blood-vessel ; sb,n.^ sub-neural ; sp.n., supra-neural. The sub-intestinai receives on 
either side the ventro-laterals iv.l) from the nephridia, of which it forms the ef- 
ferent vessel (e./). The sub-neural is joined on each side by a continuatiom of the 
d(mto-tegumentary id,t,)\ af, afferent branch to the nephridium (cf. Fig. 27). 

either side above the nerve-cord (p. 66), sending fine branches out from 
each ganglion along the lateral nerves. These are the supra-neural trunks 
(.9.W.). The third longitudinal vessel (sub-neural) lies below the nerve-cord. 
(See Fig. 26.)" It receives oh each side the termination of the dorso-tegu- 
mentary vessel (dX, Fig. 26) whicli in its course is connected with the 
capillary networks of the body-wall and the dissepiment, and gives off a 
large branch to the nephridium (cf. Fig. 27). 
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Besides the lateral vessels from the sub-neural and supra-neural a pair 
of *' ventro-lateral " (t?J., Figs. 26 and 27) are given off in each soiaite from 
the sub-intestinal jbo the nephridium, probably receiving from it the blood 
j^hich originally entered throiigTi aTbranch of the dorso-tegumentary. 



im 



J£ 

Fig. 27.— Nephridia of lAimhricus, A showing the regions of the tube, B the vascular 
supply. /, ZJ, III^ the three principal loops. 

A, /, funnel; ri.fc, the "narrow tube"; m.f, middle tube; w.U wide tubet m.v-, mus- 
cular tube or end-vesicle ; d«, dissepiment. The narrow tube extends from a to a 
and is ciliated between a and Jb, at c, and from d to e. The middle (ciliated) tube 
extends from g to ^ , the wide tube from h to fe, where it opens into the muscular 
part ; «r, external opening. 

B, Letters as before ; d.t, dorso-tegumentary vessel, bringing blood from the dorsal 
vessel, receiving at 8 a branch from the body- wall, sending an afferent branch to 
the nephridium, and finally joining the sub-neural (s.n); v.?, ventro-lateral vessel 
carrying the blood from the nephridium to the sub-intestinal or ventral vessel 
{8,i) ; v.n, ventral nerve-<Jord. (After Benham ; the direction of the blood-cur- 
rents according to Bourne.) 

Excretory System. It is the office of the excretory system to 
remove from the body proper the waste matters ultimately re- 
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suiting from the breaking down of living tissue. This does not 
mean the passing away of the refuse of digestion through the 
anus (defseeation, p. 53), for such matters have never been 
absorbed and therefore have never really been within the body 
proper. Excretion means the remov al fro m thebody of matter 
which has really formed a part of its substance, but has l&een 
used up and is no longer alive. In higher animals this function 
is performed chiefly by the ^dneys, the lungs, and the skin, the 
waste matters passing off in the urine, the breath, and the sweat. 
In the earthworm it is principally performed by small organs 
called nejphridia^ of which here are two in each somitej except- 
ing the fii'st three or four (Fig. 29). 

Each nephridium (Fig. 27) consists of a long convoluted 
tube^ attached to the hinder face ofa 
diss epiment , and lying in the cojlom at 
the side of the alimentary canal. At 
one end the tube passes through the 
body-wall and opens to the exterior by a 
minute pore situated between the outer 
and inner rows of setae (p. 46). The 
other end of the tube passes through the 
dissepiment very near to the point 
where this is penetrated by the nerv e- 
cord (p. 6 6)^ and opens by a .broad, 
funnel-like expansion into the cavity of ^^^ ^^^^ nephridiai funnel 

the next somite in front (/*, Fig. 27). much enlarged, showing the 

The margins of the funnel and the inner cliiaied'^ca^nfr^^^^^ the 
surface of the upper part of the tube are 0^*©^ sheath (s). 
densely covered with powerful cilij, (Fig. 28), whose action tends 
to produce a current setting from the coelom into the funnel and 
through the nephridium to the exterior. 

The coils of the nephridium are disposed in three principal loops (I, II, 
III in Fig. 27). The tube itself comprises five very distinct regions, as 
follows : 

1. ThQ funnel or riephrostome ; much flattened from above downwards, 
with the opening reduced to a horizontal chink. It is composed of beau- 
tiful ciliated cells set like fan-rays around its edge. It leads into 

2. the ** narrow tube " {n.t.)^ a very delicate thin- walled contorted tube 
extending from the' nephrostome through the first loop and a part of the 
second. In certain parts of its course (a to 6, at c, and from d to e) this 
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tube contains ^\[\^ which are arranged in two longitudinal bands on the 
inner surface. At g it passes into the 

3. *' Middle tube " {m.t,) (g toh), extending straight through the second 
loop, of greater diameter, cilia ted t hroughou t, and with pigmented walls. 
At h it opens into the 

4. ** Wide tube " (w.t). This is of still greater calibre, with granula r 
glandular walls and without cilia. It extends through the second loop 
Cfrom hto i, II) into and through the first from i toj, and finally into the 
third, opening at k into the 

5. Muscular part or duot (m.p.) which forms the third loop and opens to 
the exterior at ex. This, the widest part of the entire nephridium, has 
muscular walls and forms a kind of sac or reservoir like a bladder, in 
which the excreted matter may accumulate and from which it may be 
passed, out to the exterior. 

The various parts of the nephridium are held together by connective 
tissue (p. 90), and are covered with a rich network of blood-vessels, the 
arrangement of which is shown in Fig. 27, B, The smaller vessels usually 
show numerous pouchlike dilatations which must serve to retard the flow 
of blood somewhat. T^e vessels supj)lying the nephridiupa are connected 
(Fig. 27, B) on the one hand with the sub-intestinal vessel through the 
ventro'lateral trunks (v.l.) ; on the other hand with the sub-neural (s.n.) and 
dorsal vessels, through the dorso-tegumeutary (d.t). The course of the 
blood is somewhat doubtful. According to the view here adopted (cf . p. 56) 
the blood proceeds from the dorso-tegumeutary trunk to the nephridia and 
thence through the ventro- lateral to the sub-intestinal, as shown by the 
arrows in the figure. Benham (from whom the figures are copied) adopts 
the reverse view. The development of the nephridium shows that its 
ciliated and glandular portions arise from a solid cord of disk-shaped cells 
which afterwards becomes tubular by the hollowing out of its axial portion. 
The tube is therefore comparable to a drain-pipe in which each cylinder 
represents a cell. Its cavity is not intercellular {between the cells^like the 
alimentary cavity), but intracellular {vntJiin the cells, like a vacuole). 

The mode of action of the nephridia is as yet only partially 
understood, though there is no doubt regarding their general char- 
acter. It is certain that their principal office is to remove from 
the body waste nitrogenous matters resulting from the decompo- 
sition of proteids ; and there is reason to believe that these waste 
matters are passed out either as urea ( [NHJ,CO) or as a nearly 
related substance, together with a certain quantity of water and 
inorganic salts. 

Excretion in Lumbricus appears, however, to involve two quite distinct 
actions on the part of the nephridia. In the first place the glandular walls 
of the tube, which are richly supplied with blood-vessels, elaborate certain 
liquid waste substances from the blood and pass them into the cavity of 
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the tube. In the second place the ciliated funnels are believed to take up 
^qlid waste particles floating in the coelomic fluid and to pass them on into 
the tube, whence they are ultimately voided to the exterior together with 
the liquid products described above. It is nearly certain that these parti- 
cles are derived from the breaking up of ** lymphoid " cells, some of which 
ms^ have been phagocytes (p. 53), floating in the coelomic fluid, and that 
most if not all of these cells arise from ** chloragogue cells " set free from 
the surface of the blood-vessels and of the intestine. 

Respiration. Eespiration, or breathing, is a twofold operation, 
consisting of the taking in of free oxygen and the giving off of 
carbon dioxide by gaseous diffusion through the surface of the 
Body. Strictly speaking, this free oxygen must be regarded as 
food, while carbon dioxide is to be regarded as one of the excre- 
tions. Hence respiration is tributary both to alimentation and t o 
excretion ; but since many animals possess special mechanisms to 
carry on respiration, it is convenient and customary to treat of 
it as a distinct process. 

Eespiration is essentially an exchange of gases between the 
"blood and the air, carried on through a delicate membrane lying 
between them. The earthworm represents the simplest condi- 
tions possible, since the exchange takes place_all over the b ody ^ 
precisely as in a plant. Its moist and delicate walls are every- 
where traversed by a fine network of blood-vessels lying just 
beneath the surface. The oxygen of the air, either in the 
atmosphere or dissolved in water, readily diffuses into the blood 
at all points, and carbon dioxide makes its exit in the reverse 
direction. Freed of carbon dioxide and enriche d with oxygen , 
th^ blood is then carried away by the circulation to the inner 
parts, where it gives up its oxygen to the tissues andT becomes 
once more laden with carbon dioxide.^ 

In higher animals it has been proved that the red coloring 
matter ^haemoglobin) is the especial vehicl e for t he_absorpti<in 
and carriage of the oxygen of the blood, entering into a loose 
chemical union with it and readily setting it free again under the 
appropriate conditions. This is doubtless true in the earthworm 
also. 

It is interesting to study the various devices by which this function i$ 
performed in different animals. In the earthworm the whole outer surface 
is respiratory, and no special respiratory organs exist. In other-animals 
such organs arise simply by the differentiation of certa i n r egions of^ the 
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general surface, w hich then carry on the gaseous exchange for the whole 
organism. In many aquatic animals such regions bear filaments or fiat 
plates or feathery processes known a s gills or branchJcB y which are bathed 
by the water containing dissolved air, though in many such animals 
respiration takes place to some extent over the general surface as well. In 
insects the respiratory surface is confined to narrow tubes (trachece) which 
grow into the body from the surface and branch through every part, but 
must nevertheless be regarded as an infolded part of the outer surface. 
In man and other air-breathing vertebrates the respiratory surface is 
mainly confined to the lungs, w hich are simply localized infoldings of the 
outer surface specially adapted to effect a rapid exchange of gases between 
the blood and the air. 

It is easy to see why special regions of the outer surface have in higher 
animals been set aside for respiration. It is essential to rapid diffusion 
that the respiratory surface should be covered with a thin, moist membrane, 
and it is no less essential that many animals should be provided with a 
firm outer covering as a protection against mechanical injury or desicca- 
tion. Hence the outer surface becomes more less d ist inctly differentiat ed 
into two p arts, viz., a protecting part, the general integument ; and a 
r espiratory part , which is usually preserved from injury by being f^^M 
into the interior as in the case of lungs or tracheae, or by being covered 
with folds of skin as in the gills of fishes, lobsters, etc. This covering or 
turning in of the respiratory surfaces brings with it the need of mec hanical 
arrangements for pumping air or water into the respiratory chamber.; and 
thus arise many complicated accessory respiratory mechanisms. 

B. Organs of Eelation. (For A see p. 49.) 

Motor System. The movements of the body have a twofol d 
purpose. In the first place they enable the animal to alter its 
relation to the e nvironment , to move about (locomotion) ^ to seize 
and swallow food, and to perform various adaptive actions in 
response to changes in the environment. In the second place, 
the movements may alter the relation of the various parts of the 
body one to another (visceral movements and the like), such as 
the movements which propel the blood, drive the food along the 
aUmentary canal and roll it about (p. 49), those which expel 
waste matters from the nephridia, discharge the reproductive 
products, etc. 

Most of these movements are performed by structures known 
as muscles^ which consist o f elongated cells (fibres) endowed in a 
high degree with the power of contractility — ^i.e., of shortening, 
or drawing together (cf. p. 27). Ordinary ''muscles" are in 
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the fonn of long bands or sheets of parallel fibre s, such as those 
that form the body-wall, that move the setae, and dilate the 
pharynx. Other muscular structure s, however, do not form dis- 
tinct ''muscles," but consist of muscular fibres more or le ss 
irregularly a r ranged and often interm ingled with other kinds of 
tissue. Of this character are th e muscular walls of the contrac - 
tile vessel s, and of the muscular portions of the nephridia a nd 
dissepiment s. It is clear from the above that the muscular sys- 
tem is not isolated, but is intimately involved in many organs. 

The muscles of the body-wall are arranged in two concentric layers 
below the skin. In the outer layer the muscles run around the body, and 
are therefore called circular muscles. Those of 'the inner layers have a 
longitudinal c ourse, — i.e., parallel with the long axis of the body,— and 
are arranged in a number of different bands. The most important of these 
are : 

1. The dorsal hands (Fig. 39), one on either side above, i n contact at 
the median dorsal line, and exten ding do wn on eith er side as far as th e 
outer row of seta0. 

2. The ven tral band s, on either side »;he middle ventral line and occupy- 
ing the space between the two inn er (l o wer) rows of setae. 

3. The lateral bands, occupying the space on either side between the 
two rows of setsa! 

All these vary greatly in different regions of the body, and in some parts 
become more or less broken up into subsidiary bands. There is also a 
narrow band traversing the space between the two setae of each group. 

The setce , which may be reckoned as part of the motor system, are pro - 
duced by glandular cells covering their inner ends , and they grow con- 
stantly from this point, somewhat as hairs grow from the root. After 
being fully formed, and after a certain amount of use, the setae are cast 
off and r eplaced by new ones which have meanwhile been forming. In 
each group we findT^eref ore, setae of different sizes. At tliefr inner ends 
they are covered by a common investment of glandular cells which appears 
as a slight rounded prominence when viewe(l from wilhin. These prom- 
inences are called the setigerous gla nds. When a worm is laid open from 
above, the glands are seen in four parallel rows, two of which lie on either 
side of the nerve-cord (see Fig. 29). 

Each group of set ae is provided with specml r^mc^or or protractor 
muscles, and a narrow muscular band passes from the upper to the lower 
group o n each side internal to the body-wall. 

Cilia, A second set of motor organs are cilia (their mode of action has 
been referred to on p. 31), which are of the utmost importance in the 
life of the earthworm. They cover the inner surface of the stomach intes- 
tine (where they doubtless assist in the movements of the food ) play the 
i mportant part in excretion already described, collect and he lp to discharge 
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t he reproductive eleme nts (p. 74), and assist in the fertilization of the egg 
(p. 74). Their action, like that of the muscle-fibres, is doubtless due to the 
property of contractility^ the protoplasm alternately contracti ng o n oppos ite 
sides of the cilium and thus causing its whiplike action. 

White Blood-corpiLscles, Amoeboid Cells. Lymph-cells. Phagocytes, 
Besides muscle-cells and ciliated cells there is a third" variety which display 
contractility and movement. These are the coelomic corpuscles referred to 
above (p. 53). Until recently their function was wholly unknown, but it 
is now generally believed that they are the scavengers of the body , devour- 
ing the dead tissues or foreign bodies which invade the organism. Whether 
they also attack and devour living parasites such as Qregarina and Bacteria 
is not yet fully determined. They move their parts much as Amoebae do, 
engulfing particles about them by a kind of flux. 

Nervous System. Organs of Coordination. 

Introduction. The general oflBee of the nervmifl syfitem of 
organs is to regulate and coordinate the actions of all the other 
parts in such wise that t hese actions shall form a n hannoniou s 
and orderly whole . Through nervous organs the worm receives 
from the environment impressions which pass inwards thi'ough 
the nerves as sensory or afferent impulses, to the nervous centres ; 
and through other nervous organs impulses {efferent or motor) 
pass outwards from the centres Jo the variouF^arts so as to 
arouse, modify, or suspend their activities. Thus the animal is 
enabled to call forth movements resulting in the two kinds of 
adjustments referred to on p. 62, viz., {a) adjustments of the 
body as a whole to changes in the enviromnent (e.g., the with- 
drawal of the earthworm into its burrow at the approach of day) ; 
and (5) adjustments between the parts of the body itself, so that 
a change in one part may call forth answering changes in other 
parts (e.g., the increased supply of blood to tlie alimentary canal 
during digestion, or vigorous movements of the fore end of the 
body when the hind end is irritated). 

These functions are always perfoimed by one or more nerve - 
cells.^ which give off long slender branches known as nerve-jihrea 
usually gathered together in bundles, the nerves^ extending into 
all parts of the body. In all hi gher a nimals the main bulk of 
the nerve-cells are aggregated in definite bodies known as 
g anglia., out of which, into which, or through which, the nerves 
proceed ; and as a matter of convenience it is customary to desig- 
nate the most important of these ganglia collectively as the cen- 
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tral nervous system . The remaining portion , which consists 
mainly of nerve-fibres, though it may also contain tnany nerve - 
cells and small sporadic gangha , is known as the 'perij^heral 
nervous system. 

General Anatomy of the Nervous System. In the earth- 
worm the central system consists of a long series of Rouble ganglia, 
metamerically repeated, and conne cte d by nerv e- cords known as 
commissures. The most anterior pair of ganglia, known as the 
supra-cesophageal or cerebral ganglia , lie on the dorsal aspect of 
the pharynx, a short distance behind the anterior extremity 
(Figs. 24, 29). From each of them a slender cord, the circum - 
esophageal cmnmissurej passes down at the side of the pharynx 
to end in the suh-oe sop hage al or fir st ve ntral ganglion on the 
lower side, forming with its fellow a complete ring or pharyn^ 
geal colla/r around the alimentary canal. From the sub-oesopha- 
gealgangUon a long double ventral nerve-cord proceeds backwards 
in the middle ventral line. The ventral cord consists of a series 
of double ganglia, one to each somite, co nnected by commissure s 
and giving off lateral nerves .*^ 

Internally the cerebral ga,nglia and the ventral cord (com- 
missures as well as ganglia) consist of Ipoth nerve-cells and nerve- 
fibre s as described on p. D-L. 

Peripheral Nervous System. To and from the central sys- 
tem just described run the nerves which constitute the peripheral 
system. These are as follows : 

1. A pair of nerves running out on either side of each ven- 
tral gangl ion and lost to view among the muscles of the body- 
wall. 

2. A single nerve proceeding fro m the ventral c omm issur es 
on each side immediately behind the dissepiment to wliich it is 
mainly distributed. 

3 . A pair of^ nerves fro m the su b -oesophageal gang lion. 

4. A nerve from each half of the phary ngeal collar just 
beyond its divergence from its fellow. (Origin incorrectly 
shown.) 

5. Two large cerebral nerves, wliich run forwards from the 



* So closely are the two halves of the ventral cord united that its double 
nature can scarcelv be made out without sections. 
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Fig. 29.— Anterior portion of the earthworm laid open from above, with the alimen- 
tary and circulatory systems dissected away, cc, circum-oesophageal com- 
missure ; e.g., cerebral ganglia ; tte, dissepiment : /, funnel of nephridium ; np 
nephridium ; o, ovary ; od, oviduct ; p/i, pharynx ; ps, prostomium ; r.8., seminal 
receptacle; 8.d., sperm-duct; 8,f^ sperm-funnel; «.t).l., lateral seminal vesiule; 
t, testis ; v.flf., and v.nx.^ ventral nerve-cord. 
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cerebral ganglia, break up into many branches, and are dis- 
tributed to the anterior part of the body. 

Besides the main ganglia of the central system, there are many smaller 
ganglia in various parts of the body. Of th^se the most important are the 
pharyngeal gana lia— Z to 5 in number— which lie on the wall of th e 
pharynx on each side just within the pharyngeal collar . They are con- 
nected with the l atter by fine branches, and send minute ner ves out upon 
th e walls of the pharyn x, this series of ganglia is often inappropriately 
called the sympathetic system. 

Physiology of the Nervous /System. Nerve 'Vrnpulses^ 
"What is the origin and nature of a nerve-impulse? Under nor- 
mal conditions the impulse is set up as the result of some dis- 
turbance, technically called a st imulus^ acting upon the end of 
the fibre. A touch or pressure upon the skin, for example, acts 
as a stimulus to the nerve-fibres ending near the point touched — 
that is, it causes nerve-impulses to travel inwards along the fibr es 
towards the central system. The nerves may be stimulated by 
a great variety of agents : — by mechanical disturbance, as in the 
case just cited, by heat, electrici ty, chemical action, and in 
special cases by w aves of li^ht or of sound , and upon this prop- 
erty of the nerves depends the power of the worm to receive as 
afferent impulses impressions from tlie outer world. But, besides 
this, nerve-fibres may also be stimulated by physiological changes 
taking place withi n the nerve-cells , which ^ may thus send out 
efferent impulses to the various organ s and so control their ac- 
tion. 

Regarding the precise nature of the nerve-impulse we are ignorant, but 
it is probably a chemical or molecular change in the protoplasm , travelling 
rather rapidly along the fibre, like a wave.* We know that the nature 
of the impulse is not in any way dependent upon the character of the stimu- * 
lus. The stimulus can only throw the nerve into action ; and this action 
is always the same whatever be the stimulus — as the action of a clock 
remains the same whether it be driven by a weight or by a spring. 

Co-ordination. The activities of the various organs are co- 
ordinated by a chain of events which in its simplest form is known 
as a rejlex action^ and which lies at the bottom of most of 
the more complicated forms of nervous action. Its nature is 

* In the frog the nervous impulses travel at the rate of about 28 metres per 
second ; in man it is considerably more rapid. 
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illustrated by the diagram (Fig. 30). Co-ordination be- 
tween S and M (two organs) is not effected by a direct nervous 

connection, but indirectly 
through a nerve-centre, (7, 
which is a nerve-cell or group 
of nerve-cells situated in one 
of the ganglia, with which both 
S and M are separately con- 
nected by nerve-fibres. If S 
be thrown into action, an affer- 
ent impulse travels to (7, ex- 
cites the nerve-centre, and 

Pig. 80.— Diagram of simple reflex action. causeS an efferent impulse tO 

fA:^elTrve"ra'rvfclwf; travel out to Jf, which is there. 

c/, efiCerent nerve-fibre; M, muscle in by thrOWn into action alsO, OF 
which the efferent fibre ends. . j«i2 j • . j. j* 

18 inodined m respect to actions 
already going on. Thus the actions of S and W are nn-ordi^ 
n oted through t he agency of C \ the„whole,. chain of events 
constituting a reflex action. 

For example, let xS' be the skin and M a certain group of 
muscles. If the skin be irritated, afferent impulses travel in- 
wards to nerve-centres in the ganglia ((7), which thereupon send 
forth efferent impulses to the appropriate muscles. Muscular 
contractions result, and the worm draws back from the unwel- 
come irritation. 

This chain of events involves three distinct actions on the 
part of the nervous system which must be carefully distinguished, 
viz. : {a) the afferent imp ulse; (5) action^ _of _^ the , centre ; . (x2) 
the efferent impulse . It must not be supposed that the afferent 
hnpulse passes unchanged out of the centre as the efferent impulse, 
Le., is simply "reflected," like a ball thrown against a wall, as 
the word ' ' reflex ' ' seems to imply. The afferent impulse as such 
ends with the nerve-centre, which it throws into activity. The 
efferent impulse is a new action set up by the agency of the 
centre. 

There is reason to believ e that many if not all nerve-centres 
are connected with a number of different afferent and efferent 
paths, and also with other cen tres, as shown in the diagram 
Fig. 31. Efferent impulses may therefore be sent out from 
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the centre in various directions, and th e precise path chosen 
depends on some unknow n- 
action taking place in th e 
centre . The action of the 
centre moreover may b e 
modified by efferent impulse s 
arriving from other centre s, . 
and thus we can dimly per- 
ceive how reflexes may be- 
controlled and guided, and 
how even the most comp li- 
cated fo rms of ne rvous ac- 
tivity Inay be compounde d ^^^- 31.-I>iagram representing three nerve. 

•!■ 'i- -^^--^ centres and connections. Arrows represent 

out of_ element s simil ar ^tO. the possible direction of nerve-impulses, 
reflex actions " ^^' °^® afferent path ; e/, one efferent path. 

There is reason to believe that in the earthworm each ven- 
tral ganghon presides over the somite to wh ich it belongs, and 
is probably in the main a collection of reflex centre s from whose 
action the element of consciousness is absen t. But there is also 
some reason to beUeve that the cerebral ganglia occupy a higher 
position, since they probably receive the nerves of sight, tast e, 
and smell, besides those of touch , while the ventral gan^ia r e- 
ceive only t hose of touch. Experiment has shown further that 
the cerebral ganglia exercise jto a certain limited ex tent a con - 
trolling action over those of the ventral chain by means of im- 
pulses sent backwards through the commissures, though this 
action is far less conspicuous here than in higher metameric ani- 
mals such as the insects.* 

The Sensitive System. (Organs of Sense.) The sensitive 
system is distinguished from the nervous system as a matter of 
convenience of description, since most of the higher animals 
possess definite ^' sense-organs " which receive stimuli and throw 
into action the sensory nerves proceeding from them. Although 
the earthworm possesses the "senses" of touch, taste, sight, 
and smell, it has no special organs for these senses apart from 
the general integument covering the surface of the body, and 

* For a fuller discussion the student is referred to special works on Physi- 
ology. 
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hence can hardly be said to possess any proper sensory system . 
We do not know, moreover, whether the so-called ''sensations'' 
of the earthworm are really states of consciousness as in ourselves, 
for we do not even know whether earthworms possess any form 
of consciousness. When, therefore, we speak of the earthworm 
as possessing the " sense '^ of touch or of sight we mean simply 
that some of the nerves terminating in the skin may be stimu- 
lated by mechanical means or by rays of light, without necessa - 
rily implying that th e worm actually feels or sees as we feel and 
see. 

It has recently been shown that the skin contains many cells eac h of 
which gives off a single nerve-fibre fhat may be traced directly into^ the 
ventral nerve-co rd. These " sensory cells " m ay be regarded as " end* 
or gans ^^ through which the stimuli are conveyed to the fibres. It has also 
been shown that these cells are aggregated in mi nute group s thickly scat- 
tered over the surface of the body. Each of these grou ps may be regarded 
as a simple form of sense-organ . 

The sense of touch extends over the whole surf ace of the 
body. That of taste i s probably located in the cavity of th e 
mout hy and p harny x ; the location of the sense of smell is un- 
known^ Darwin's experiments have shown that the earth- 
worm's feeble sense of sight is confined to th e anterior end of 
the body. It is probable that the nerves of sight, taste, and 
smell enter the cerebral ganglia alone, while those of touch run 
to other ganglia as well. 

Systems of (Organs of) Support. Connection^ Protection^ etc. 
The structure and mode of life of many animals are such as to 
require some soUd support to the soft parts of the body. Such 
supporting structures are, for instance, the bones of vertebra ta, 
the hard outer shell of the lobster or beetle, and the coral 
which forms the skeleton of a polyp. The earthworm has, 
however, nothing of the sort, and it is obvious that a hard sup- 
porting-organ would be not only useless, but even detrimental. 
The power of creeping and burrowing through the earth depends 
upon great flexibility and extensibility of the body; and with 
this the presence of a skeleton might be incompatible. 

The connec ting system consis ts si mply of various tissues by 
which^jflie_difierent_ organs are bound .firmly together. These 
can only be seen upon microscopical examination. The most 
important of them is known as connective tissue. 
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As to protective structures, th e earthworm is probably one o f 
t he most defenceless of animals . Nevertheless there are certain 
structures wliich are clearly for this purpose. The cuti cle wh ich 
covers the surface is a thin but tough membrane whioh p rotect^ 
the delicate skin from direct contact with hard objec ts. It 
passes into the mouth and lines the alimentary canal ajs far down 
as the beginning of the stomach-intestin e. In the gizzar d^ 
where food is ground up, the cuticle is prodigiously thick and 
tough, and must form a very effective protection for the soft 
tissues beneath it. The main defence of the animal lies, how- 
ever, not in any special armor, but in those instincts which lead 
it to lie hidden in the earth during the day and to venture forth 
only in the comparative safety of darkness. 
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CHAPTER V. 

THE BIOLOGY OF AN ANIMAL {Continued). 

The Earthworm. 

Reproduction. Embryology. 

Beproduction. The life of every organic species runs in 
regularly recurring cycles, for every individual life has its limit. 
In yout h the c onstructive processes preponderate over the de- 
structive and the organism grows. The normal ad ult attains a 
state of apparent physiological balance in which the processes of 
waste and repair are approximately equal. Sooner or later, 
however, this balance is disturbed. Even though the organism 
escapes every injury or special disease the constructive process 
falls behind the destructive, old ag e ensues, and the individual 
dies from sheer inability to liv e. Why the vital machine should 
thus wear out is a mystery, but that it has a definite cause and f 
meaning is indicated by the familiar fact that the span of natural * 
life varies with the species ; man lives longer than the dog, the 
elephant longer than man. 

It is a wonderful fact that living things have the power to 
detach from themselves portions or fragments of their own 
bodies endowed with fresh powers of growtli and development 
and capable of running through the same cycle as the parent. 
There is therefore an^ unbroken materia l (protoplasmic) continuity 
from one generation to another , that forms tlie physical basis of 
inheritance, and upon which the integrity of the species depends. 
As far as known, living things never arise save through this 
process; in other words every mass of e xisting protoplasm i§ 
the last link i n an unbroken chain that _ extends back>vard in .the 
past to the first origin of lif e. 

The dd^tcked portions of the paren t that are to give rise to 
offspring are feometimes^magses ^f cells, as in the separation of 
branches or buds among plants, but more com monly they are single 
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cells, known as germ-cells^ like the eggs of animals and the 
spores of ferns and mosses. Only the germ-cells (which may 
conveniently be distinguished from those forming the rest of the 
body, or the somatic cells) , escape death, and that only under 
certain conditions. 

All forms of reproduction fall under one or the other of tw o 
heads, viz. , Agamogenesis {asexual reproduction) or Qamogenesi s 
{sexual reproduction). In the former case the detached portio n 
(which may be either a single cell or a group of cells) has the 
power to develop into a new individual with out the infli^ei^c;*^ () f 
other living matte r. In the latt er, the detached portion, in this 
case always a single cel l (ovum, oosphere, etc.), is acted upo n 
• by a second portion of living matter, likewise a single cel l, which 
in most cases has been detached from the body of another in- 
dividual. The germ is called t\\Q female germ-c ell ; the cell act- 
ing upon it the male germ-cell ; and in the sexual process the 
two fuse together {fertilization^ impregnation ) to form a sing le 
new cell endowed with the po wer of developing into a new i n- 
dividual . In some organisms (e.g., the yeast-plant and bacteria) 
only agamogenesis has been observed ; in others (e. g. , vertebrates) 
only gamogenesis ; in others still both processes take place as in 
many higher plant s. 

The earthworm is not known to multiply by any natura l 
process of ag:amogenesis . It possesses in a high degree, however, 
the closely related power o f regeneration ; for if a worm be cut 
transversely into two pieces, the anterior piece will usually mak e 
good or regenerate the missi ng po rtion, while the posterior p iece 
may regenerate the anterior region . Thus the worm can to a 
certain limited extent be artificially propagated, like a plant, by 
cuttings, a process closely related to true > agamogenesis.* Its 
usual and normal mode of reproduction is by gamogenesis, that 
is, by the formation of male germ-cells {spermatozoa) and female 
germ-cells {ova). In higher animals the two kinds of genn- 
cells are produced by different individuals of opposite sex. The 
earthworm on the co ntrary is hermaphrodite or lisexi cal; every 

* Many worms nearly related to Lunibricus — e.g., the genus Dero, and other 
Naids — ^spontaneously divide themselves into two parts each of which becomes 
a perfect animal. This process is true agamogenesis, though* obviously closely 
related to regeneration. 
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individual is hoth male and femal e^ producing both eggs an(i 
spermatozoa. The ova arise in special organs, the ovaa^ies^ the 
spermatozoa in spermaries or testes. 

The ripe ovum (Fig. 33, ^) is a re latively large spher ical 
cell, agreeing closely with the egg of the star-fish (Fig. 12), but 
having a thinner and more delicate memb rane. It is still cus- 
tomary to apply to ova the old terminology, calling the eell - 
substance vitelhts^ the membrane vitelline membrane, th e nucle us 
gerndiiial vesicl e^ and the nucleolus germinal ^ot. 

The ripe spermatozoon (Fig. 33, C)\& an extremely minute 
elongated cell or filament thickening towards one end to form 
the head (n), which contains the nucleus of the cell e nveloped b y a 
thin layer o f pr otoplasm. This is followed by a short " middle 
piece " (m) to which is attached a long vibratory flagellum or tail 
(t). The tail is virtually a long ciUum (p . 31), which by vigorous 
lashing drives the whole cell along head-foremost, very much as 
a tadpole is driven by its tail. 

Since the ovaries and spermaries give rise to the germ-cells, 
they are called the essential organs of 
reproduction. Besides these, Lumhricus^ 
like most animals, has accessory organs o i 
reprodu ction which act as reservoir s or 
carriers of the germs, assist in securing 
cross- fertilizat ion, and minister to the 
wants of the voung worm s. 

Essential Beproductive Organs. The 
ovaries are two in number a nd lie one on 
either side in the 13tli somite attached to 
the hinder face of th e anterior dissepiment 
{ov^ Fig. 29). They are about 2™"" in 
length, distinctly pear-shaped , and ^- 
tached by the broader end (Fig. 32). The 
narrow^ extremity contains a si ngle row of 
ova and is called the eg g-string (es). In 

Fig. 32.— The ovary, much , . . ." ^*^ ' ^ , , . , 

enlaced, b, the basal part; this the ova are ripe or nearly so : behmd 
a, body of the ovary con- ^j^^y shade oS iuto thosc morc and more 

taining immature ova; es^ *^ .n i i . ' /. 

egg-string; ov, ripe ovum immature^ till thesc are lost in a mass of 

ready to fau off. nearly Undifferentiated cells {jn^imiiive 

€>va\ constituting the great bulk of the ovary. Each of these, 
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howeve r, is surrounded with still smaller cells constituting it s 
nutrient envelope or follicle . As the ova mature the follicles 
still persist, and they may be detected even in the eggstring . 
When fully ripe the ovum bursts the follicle and is shed from 
the end of the egg-string into the body-cavity. It is ultimately 
taken into the oviduct and carried to the exterior . ( 

The development of the ovary shows it to be morpho lpgically^ 
a thickening of the peritoneal epithelium. _ . Xbe ^g gp theriSfQX^ 
are originally epithelial cells. 

Th e spermaries or testes (t^t, Fig. 29) are four in number and 
in outward appearance are somewhat similar to the ovaries. 
They are small flattened bodies with somewhat irregular or lobed 
borders, lying one on either side the nerve-cord in a position 
corresponding with that of the ovaries, but in somites 10 and 11, 
like the ovary the testis is a solid mass of cells, which are she d 
into the body-cavity and are finally carried to th e exterior. 
The sperm-cells leave the testis, h owever, at a very early per iqd 
and undergo the later stages of ma turation wi thin the cavit i es of 
the seminal vesicles described below. 

Accessory Beproductive Organs. The most important of the 
accessory organs are the genital duct s, by which the germ-cells 
are passed out to the exterior. Both the female ducts {ovidiicts) 
and the male {sperm-ducts) are tubular organs opening at one 
end to the outside, through the body-wa ll, and at the other end 
into the coelom by means of a ciliated funnel somewhat similar 
to a nephridial funnel, but much larger. By means of these 
ciliated funnels the germ-cells after their discharge from the 
ovary or testis are taken up and passed to the exterior. 

The mnduct s (pd, Fig. 29, Fig. 23) are two short trumpet- 
shaped tubes lying immediately posterior to the ovaries and pass- 
ing through t he d issepiment between the 13th and 14th somites . 
The inner end opens freely into the cavity of the 13th somite, 
by means of a wide and much-folded ciliated funnel, from the 
centre of which a slender tube passes backward through the 
dissepiment, turns rather sharply towards the outer sid e and, 
passing through the body- wall, opens to the outside on the 14th 
jomite (see p. 43). Immediately behind the dissepiment the 
oviduct gives off at its dorsal and outer side a small pouc h, 
richly supplied with blood-vessels. In this, the receptaculum 
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ovorum. the ova taken up by the funnel are temporarily stored 
before passing out to the exterior. 

It is probable tliat the eggs never float freely in the coelom, 
but drop out of the ovary at maturity dire ctl y into the mouth of 
the funnel. They pass thence into the receptdculum^ where they 
may remain for a considerable period. 

The syerm-ducts jvasa deferentia ) {sd^ Fig. 29) are very 
long slender tubes, open like the oviducts at both ends. The 
outer opening is a conspicuous slit surrounded by fleshy lips 
(Fig. 21), on the ventral side of the 15th somite. From this 
point the duct runs straight forwards to the 12th somite, where 
i^ branches like a Y, the two branches passing forwards to ter- 
minate, one in the 11th somi te, the other in the IQth . Near its 
end each branch is twisted into a peculiar kno t and finally ter- 
minates in an immense ciliated funne l (the so-called "ciliated 
rosette"), the borders of which are folded in so complicated a 
manner that they form a labyrinthine body, the true nature of 
which can only be made out in microscopic sections. 

The two pairs of sperm-funnels (Fig. 29) lie in the 10th 
and 11th somites, immediately posterior to the respective testes, 
i.e., they have essentially the same relation to the testes as th at 
of the oviduct-funnels to the ovaries. 



The testes and sperm-funnels can be readily m ade out only in youn g 
specimens . In mature worms they are completely enveloped by the semi- 
nal vesicles described below. 

Seminal vesicle s. These, the most conspicuous part of the 
reproductive apparatus, are voluminous pouches in which the 
sperm-cells undergo their later development, after leaving the 
testis. They are large white bodies lying in somites '9 to 12 and 
usually overlapping the oesophagus in that region. In all cases 
there are three pai rs of lateral seminal vesicles, viz. , an anteri or 
pair in somite 9, a middle pair in somite 11 , and a posterio r pair 
in somite 12. In immature specim ens these six are enti rely 
separate , and allow the testes to be easily seen. In mature 
worms (a s shown in Fig. 29) the posterior pair of lateral 
vesicles grow together in the m iddle line^ thus, forming a, pos- 
^'^^V..V}.^J!^i^J!?^?ipl^ lyin g below the alimenjary canal in the 
11th somite. In like manner an anter ior median vesicle is^ 
formed in the 10th somite by_ the union of the ^t^c> anterior pairs 
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c\i Iflfprfll vpftiplpfl The two median vesicles thus formed envelo p 
t he testes and sperm-funnels of their respective somites and hi de 
t hem from view . il^-^^ ''y^ 

The sperm-ce lls leave the testis at a very early period and float free ly Cw » ^ 

in the cavities of the seminal vesic les, where many stages of their develop- \/- 3 

ment may easily be observed. They are de v eloped in balls known as (^ 
spermatosphet^es, ea/ch. of which consists of a central solid mass of prot o- 
plasm surrounded by a single layer of sperm-cells. When mature the 
s permatozoa separate from the central mass and are drawn int o the fun- 
nels of the sperm-ducts. The manner in which this action is controiled i s 
not understood . 

The seminal receptacle s are accessory organs of reproduction 
in the shape of small rounded sacs or pouches, open to the ou t- 
side only , at about the level of the upper row of setae . They 
lie between the 9th and 10th, and IQth and 11th somites (s.r^ 
Figs. 24 and 29), where their openings may be sought for (Fig. 
21). Their function is explained under the head of copulation. 

Accessory glands. Besides all the stnictures so far described 
there are many glands which play a part in the reproductive 
functions. The setigerous glands from about the 7th to abou t 
the 19th somite (sometimes fewer, sometimes none at all) are 
often greatly enlarged, and fonn the glandular prominences men- 
tioned at p. 46. They seem t o be used as organs of adhesion 
during copulation . The clitellum is filled with gland-cells which 
probably serve in part to secrete a nou rishing flui d for^the young 
worms, and in part to provide a tough protecting membrane to 
cover them. 

Copulation. Egg-laying. Inasmuch as each individual earth- 
worm produces both ova and spermatozoa, it might be supposed 
that copulation, or the sexual union of two different individuals, 
would not be necessary. This, however, is not the case. The 
ova of one individual are invariably fertilized by the spermatozoa 
of another in dividual after a process of copulation and exchange 
of spermatozoa, as follows : During the night-time, and usually 
in the spring, the worms leave their burrows and pair, placing 
themselves so that their heads point in opposite direct ions and 
holding firmly together by th e enlarged setigerous glands and the 
thickened lower l ater al margins of the clitel lum. During this 
act the seminal receptacles of each worm are filled with sper ma- 
tozoa from the sperm-ducts of t he other, after which the worms. 
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separate. [The spermatozoa thus received are simply store d up 
and do not perform their f miction until the time of egg-laying .] 
"When the worm is ready to lay its egg s the glandfl of th e 
clitellum become very active, pouring_out_a thick glair y fluid 
w hich soon hardens into a tough membrane and forms a gird le 
around the body. Besides this a l arge quantity of a thick jelly * 
like nutrient fluid is poured out and retained in the space be» 
t ween the girdle and the body of the worm. The girdle is 
thereupon g radually worked forward toward the head of t he 
worm by contractions of the body. As it passes the 14th somi te 
a number of ova are received from the oviducts, and between 
the 9th and 11th somites a quantity pf pppTTnato^^^ «^^ arlrlftrl 
from the sem inal rec eptac les where they hav e been stored s ince 
t he time of copulatio n, when they were obtained from another 
worm. The girdle is next stripped forwards over the anterio r 

en d and is finally throw n 
completely o ff. As it 
passes off its open ends 
immediately contract 
tightly together, and the 
girdle becomes a closed 
capsul e (Fig. 33) contain- 
ing both ova and sperma - 
^ ^ tozoa floating in a nutri- 

Fio. 33.—^, egg-capsule enlarged 5 diameters -; ^ — Hi m"t mi 

(a few eggs, or, enlarged to the same scale are t ive IlUld Or mi lk. Ine 

shown near by on the right); B an ovnmvery m embrane SOOU asSUmCS a 

much enlarged; C, a spematozobn, enormously , ; 

magnified ; n, head ; m, middle piece; t, tail. lig ht yellowish Or brOWU 

■color, becomes h ard and tou gh, and s erves to protect the d e- 
vel oping embryos. The c apsules may be found in May or June 
in earth under logs or stones, or especially in heaps of manure . 
Within the capsules the fertilization and develop ment of the ova 
take pla ce. 

Fertilization and Embryological Development. The sperma » 
tozo a swim actively about in the nutrient fluid of the capsule, 
approach a n ovum, and a ttach themselves t g its surf ace by their 
heads . Several of the spermatozoa then enter the vitellus (cf. 
p. 80), but it has been proved that only one of thes e is con- 
cemed in fertilizati on, the others dying and becoming absorbed 
by the ovum. 
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It is probable that th e tail plays no pai*t in the actual fertili- 
zation, but is merely a locomotor apparatu s for the head (nucleus) 
and middle-piece. 

Within the ovum the head of the spermatozoon persist s as 

the sperm-nucleus (o r male j/ro-nucleus)^ while the protoplasm in 

, its neighborhood assumes a peculiar and charactgristifi radi atft 

arrangement Ijke a star , probably through the influence of the 

middle-piece. 

After the entrance of the spermatozoon the egg segments oflE 




Fig. 84.— Fertilization of the ovum. A^ entrance of the spermatozoon (in the sea- 
urchin, after Fol). JB, the sea-urchin egg after entrance of the spermatozoon; 
within and to the left is the egg-nucleus ; above is the sperm-nucleus, with a c&a^ 
trosome near it (modified from Hertwig) . C, diagram of the ovum after extrusion 
of the polar cells (p.c), and union of the two pro-nuclei to form the segmenta- 
tion-nucleus. The smaller and darker portion of the latter is derived from the 
sperm-nucleus. Two asters or archoplasm-spheres are shown near the nucleus. 
These arise by the division of a single aster derived from the middle-piece of the 
spermatozeon. D, two-celled stage of the earthworm, after the first fission of 
the ovum. (After Vejdovsky.) 

at one side t wo smal l cells, one aft er the other, known as the 
polar cells ov polar bodies. These take no part in the formation 
of the embryo, and their formation probably serves, in some way 
not yet wholly clear, to prepare tlie egg for tlie last act of 
fertilization. After the formation of the polar cells tlie egg- 
nucleus (now often called t\\Q f emale j^r o- niicU usy^jjA-'^ie sperm- 
nucleus approach one anothei' and finally become intunately 
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associated to form the segmentation- or cleavage-nucleus ; by this 
act fertilization is completed. 

The process of fertilization appears to be essentially the same among 
all higher animals, and in a broader sense to be identical with the sexual 
process among all higher and many lower plants (compare the fern, p. 139), 
but its precise nature is still in dispute. It is certain that one essential 
part of it is the union of two nuclei derived from the two respective parents. 
This has led to the view, now held by many investigators, that inheritance 
has its seat in the nucleus, and that chromatin (p. 23), is its physical 
basis. Later researches have shown that another element known as the 
archoplasm- or attraction-sphere is concerned in fertilization, and this is 
apparently always derived from the middle-piece. It is not yet certa in 
whether the archoplasm is to be regarded as a n uclear or a cytoplasmic 
structure, ana it is equally doubTTuTwhetKeFit 'plays an essential or merely 
a subsidiary rdl6 In fertilization and Inh^l'UanCe (ct. p. «4). ' 

Cleavage of the Fertilized Ovum!^ Soon after fertilization the 
ovum begins the remarkable process of segmentation which 
has already been briefly sketched on p. 25. The segmen- 
tation^nuclens divides into two parts, and this is followed by 
a division of the vite llus, each ha lf of the orifflnal nucleus becom - 
ing the nucleus of one of the halves of the vitellus ; that is, the 
original cell divides into two smaller but similar cells (see Fig. 
34). These divide in turn into four,_a nd these into eight, and 
60 on, but yet remain cl osely connected in one mass! Tn the 
case of the earthworm, the cells do not multiply in regular 
geometrical progression, but show many irregularities ; and more- 
over they become unequal in size at an early period. 

The blastula (pp. 25, 85,) shows scarcely a ny differentiation 
of parts, though the^cells of one hemisphere are somewhat smaller 
than the others. From this time forwards the whole course of 
development is a process~oTdifferentTatTori, bofIf"oriEli(ecelIsand"of 
tEe organs Into "vvhicErtliey soon arrange themselves. One of 
the first steps in this process is a flattening of the embryo at the 
lower pole — i.e., the half consisting ot larger cells (J^'ig. i55, D). 
The large cells are then folded into the segmentation-cavity so 
as to form a poucIT" opening "fd'tKe extefi?5r7'ar^r^~~gaiTre" time 
the embryo becomes somewhat elongated (Fig. 35, E, F). 

LThis j^qcess Js ¥n6wn as gastridation^ and at its com£letioi) 
the embryo is called the gastrula. The infolded pouch (called 
the ~arGfienter6rCj\^ the f uture~aJimentary canar;"its opening (now 
knbwii" as the blastopore) will "b ecome the "mouth ; and the layei 
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of small cells over the outside will form the skin or outer layer 
of the body- wal l. 

The embryo very soon begins to swallow, through the blasto- 
pore, t he milklike flui S'm which it floats, and to digest it with- 
in the cavity of the arclienteron. 

It is obvious that the embryo already shows a distinct differ- 






B 



FlO. 35.— Diagrams of the early stages of development in the earthworm. A^ accu- 
rate drawing of the blastula, surrounded by the vitelline membrane (after Vej- 
dovsky) ; B, blastula in optical section showing the large segmentation-cavity 
{8.c,\ and the parent-cell of the mesoblast {in.) ; C, later blastula, showing forma- 
tion of mesoblast-«ells ; X>, flattening of the blastula preparatory to invagination ; 

f E, the gastrula in side view; as the infolding takes place the two mesoblast- 
bands are left at the sides of the body, in the position shown by the dotted lines ; 
F, section of E along the line s-s, showing the mesoblast-bands and pole-cells. 

entiation of parts which perform unlike functions. In fact we 
may re gard the gastrul a as compose d of tw o tissues still nearly 
similar in structure though lanlike in function. One"^- these 
~consis{s"of the layer of cells which forms the outer covering; 
this tissue is known as the ^cto MastJ eG^ Fig. 35). Tlte-seeond 
tissue is the layer of cells f onning the wall of the arclienteron ; 
it is called the entohlast (en). The ectoblast and entobTasf" to- 
gether are known as \hQ primay^y germ-layers. 

Meanwhile changes are taking place which result in the for- 
mation of a third germ-layer lying in the segmentation-cavity 
between the ect oblast and_ entoblast and therefore called the 
mesoblast (m, Figs. 35, 36). In some animals the mesoblast 
does not arise until after the completion of gastrulation. In 
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Lumhricvs^ however, it goes on during gastrulation and b^ms 
even before gastrulation . Even in the blastula stage two large 
cells may be distinguished which afterwards give rise to the_ 
mes oblast and are h ence called iE^ prima/ry mesoblastio cells. 
They soon bud f orth smaller cells Into the segment atT on-cavity, 
and as the blastula flattens they themselves sink below the sur- 
face. At this period, therHore, the mesoblast forms two bands 
of celi sljriesohlasi'ha/ nds) each terminating behind in the large 
mother-cell or pole-celT, ^Throughout the later stages the pole- 
cells continue to bud~fm:'th smaller celTs which are added to^the 
hinder ends of the mesoblast-bands (Figs. 35, 36). 



Fig. 36.— Diagrams of later embryonic stages. A, late stage in longitudinal section, 
showing the appearance of the cavities of the somites ; B, the same in cross-sec- 
tion ; B, diagram of a young worm in longitudinal section after the formation of 
the stomodsBum, proctodaeum, and anus ; C, the same in cross-seotion, showing 
the beginning of the nervous system ; A cross-section of later stage with the 
nervous system completely established, al, alimentary canal ; ar^ archenteron ; 
an^ anus; c<b, coelom; ec, ectoblast: en, entoblast; m^ primary mesoblastic cells; 
m\ mesoblast ; mh., mouth ; ?i, nervous systepi ; 8, cavity of sofaiite ; 8.wi, somatic 
layer of the mesoblast, which with the ectoblasti forms the somatopleure ; «p/.w, 
splanchnic layer of the mesoblast, which with the entoblast forms the splanch- 
nopleure. 

After each division the pole-cells increase in size, so that up 
to a late stage in development they may be distinguished from 
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the cells to which they give rise. The two masses of mesoblas tie 
cells gradually increase in size and fin ally fill the segmentation- 
cavi ty. 

The internal phenomena of cell-division are of great complexity and 
can here be given only in outline. The ordinary type of cell-division, as 
shown in the segmentation of the ovum and in the multiplication of most 
tissue-cells, involves a complicated series of changes in the nucleus known 
as karyokinesis or mitosis . These changes, which appear to be of essen- 
tially the same character in nearly all kinds of cells, and both in plants and 
in animals, are illustrated by the following diagrams : 







33 

Fig. 87.— Diagrams of indirect cell-division or karyokinesis. 

A. CeU just prior to division, showing nucleus (n) with its chromatic retlculom and 
the attraction-sphere and centrosome (c), 

B. First phase; the attraction-sphere has divided into two, which have moved 
180° apart ; the reticulum has been resolved into five chromosomes (black), each 
of which has split lengthwise. 

C. Second phase; fully developed karyokinetio figure iam'phi(Mi&r\ with spindle 
and asters ; the chromosome-halves are moving apart. 

X>. Final phase : the cell-body is dividing, the spindle disappearing, the daughter- 
nuclei about to be formed. 

In its resting state the nucleus contains a network or reticulum o f 
chromatin (Fig. 37, A). As the cell prepares for division a small body (<j) 
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makes its appearance near the nucleus, known as the attraction-sphere or 

arch oplasm-ma^s, and in its interior there is often a smaller body, the 

centrosome. The first step in cell-division is the fission of the archoplasm - 

/ m ass into two, each containing a centrosome (derived by fission of the 

• * original centrosome) ; after this the two masses move apart to opposite 

poles of the nucleus (Fig. 37, B), The reticulum now becomes, in most 

cases, r esolved Into^a thread coiled into a ske in (not shown in the figure), 

, which finally breaks up into a number of bodies known as chromosomes. 

Their form (granular, rodlike, loop-shaped) and number (two, eight, twelve, 

sixteen, etc., or often much higher numbers) appear to be constant for 

each species of plant and ani mal. The second principal step is the longi- 

^ , tudinal splitting of each chromosome into halves (Fig. 37, B) and the 

disappearance of the nuclear membrane. 

In the third place starlike ra ys {aster) appear in the protoplasm around 
the archoplasm-masses, a spindle-shaped structure appear s between them 
(Fig. 37, C), and the double chromosomes arrange themselves aro und the 
equator of the spindle . The structure thus formed is known as the amphi- 
aster or karyokiiietic figure. 
/ Fourthly, the two halves of each chromosome move apart towards the 

,\ respective poles of the spindle and tlie~entire ceU^bo3y^tHen~divi9[es In a 
" plane passing through the equator of the spindle. Each group of daughter- 
chromosomes~now gives rise to a reticulum, which becomes surrounded with 
a membrane and for ms the nucleusjoTthe^^ugTitS-ceTT'TT^^ 
appears, and in some cases the archoplasm-mass, with its star-rays (aster), 
seems to disappear also. In other cases, however, the archoplasm-mass and 
centrosome persist and may be found in the resting cell (e.g., in leucocytes 
and connective-tissue cells), lying near the nucleus in the cytoplasm. 

It appears from the foregoing description that each daughter-cell re- 
ceives exactly half the substance of the mother-nucleus (chromatin), mother- 
archoplasm , and mother-centrosome. In many cases the cytoplasm~also 
divides equally, in other cases unequally. 

It has been proved in a considerable number of cases that in the fer- 
tilization of the ovum each germ-cell contributes the same number of chro- 
mosom es, and the wonderful fact has been established with high probability 
that the paternal and maternal chrom atic substances ar e equally dist ributed 
to the two cells found at the first segmentation o f the ovum. It is further . 
probable that this equal distribution continues in all the later divisions ; 
and if this is true, e^mry cell in the whole adult body contains m aterial 
directly derived from both parents, and hence may i nherit from both, 

Oastrulation. Oerm-layers. Differentiation. Origin of the 
Body. Almost from the first the cells arrange themselves so as 
to surround a central cavity known as the segmentation-ca/city . 
This cavity increases in size in later stages, so that the embryo 
finally appears as a h ollow sphere surro unded by a wall consist- 
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Ing of a single layer of cells. This stage is known as tlie hlastu la 
(or llastosphere) (J., B^ Fig. 35). 

The formation of the germ-layers is one of the most im- 
portant and significant processes in the whole course of develop- 
ment. Ger m-layers like those of Lumbricus^ and called b y 
the same names, are found in the embryos of all higher a ni- 
mals ; and it will hereafter appear that this fact has a profound 
meaning. 

Development of the Organs. (Organogeny.) The embiyo gradu- 
ally increases in size and at the same time elongates. As it 
lengthens, the blastopore (in this case the mout h) remains at one 
end, which is therefore to be regarded as anterior, and the 
elongation is backwards . The cells of all three germ-la yers 
continually increase in number by division, new matter and 
energy being supplied from the food, which is swallowed by the 
embryo in such quantities as to swell up the body like a bladder. 
The archenteron enlarges until it comes into contact with t he 
ectoblast and the segmentation-ca vity is obliterated . 

The two primary mesoblastic cells are carried backwards, 
and always reniaiu at tFe extreme posterior end (m, Fig. ?6). 
The mesoblast is in the form of two bands lying on either side 
of the archenteron, and extending forwards from the primary 
mesoblastic cells. 

This is clearly seen in a cross-section of the embryo, as in 
Fig. 36, B^ C. The mesoblastic bands are at first solid , but 
after a time a series of paired cavities appears in them , con- 
tinually increasing in number by the formation of new cavities 
near the hinder end of the bands as they increase in leng th. A 
cross-section passing through one pair of these cavities is shown 
at B^ Fig^^^^. As the ban ds lengthen they also extend up- 
w§jid8r-^:fi3^ownwards (C^, Fig. 35), until finally they meet above 
' """^and below the archenteron. The cavities at the same time 
rl;- continue to increase in size, and finally meet above ^nd below 
the archenteron , which thus becomes surrounded By the body- 
cavity or coelom (J?). The cavities are separated by the do uble 
partition-walls of meso blast. These partitions are the dissepi- 
ments, and the cavities tEemselve s constitute the coelom. The 
outer mesoblastic wall of each cavity is kno wn as the somatio 
layer (s.m.); it unites with the ectoblast to constitute the body- 
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wall (somatoplev/re) . The inner wall, or splanchnic la/yer 
{9pl,m)^ unites with the entoblast to constitute the wall of the 
alimentary canal {^planchnopleure). An ingrowth of ectoblast 
{stomodomrn) takes place into thelblastopore to form the pharynx, 
and a similar ingrowth at the opposite extremity {proctodc eurn) 
uni tes with the blind end of the archenteron to form the anus 
and terminal part of the intestine. 

As to its origin, therefore, the alimentary canal consists of 
three portions, viz. : (1) the archenteron, consisting of tihe 



Pig. 38.— Diagram of a cross-section of Lumbricus^ showing the relation of th& 
various organs, etc., to the germ-layers. Ectoblastic structures shaded with fine 
paraUel lines, entoblastic with coarser luurallel lines, mesoblastic with cross-lines; 
ol.c, alimentary canals ; c^ chloragogue layer ; cgs, coelom ; cm, circular muscles 
of body- wall; c,mcu, circular muscles of alimentary wall; ep, lining epithelium of 
alimentary canal ; d.v, dorsal vessel ; hy^ hypodermis or skin ; Lm, longitudinal 
muscles of body- wall ; l.m.cu, longitudinal muscles of alimentary wall ; n, central 
part of nerve-cord; np, nephridium; ns, sheath of nerve-cord; p.e, peritoneal 
epithelium ; r, reproductive organs ; 8.i.v, sub-intestinal vessel. 

original entoblast; (2) the stomodaeum or pharyngeal region, 
"Tined by ectoblasT ; and (3) the proctodseum or hindmost part, 
also lined by^ctoblast. These three parts are called the fore- 
gut (stomodaeum), mid-gut or mensenteron (archenter on), and 
hind-gut (proctodseum), and it is a remarkable fact that these 
same parts can be distinguished in all higher animals, not ex- 
ceptihg'man. ~ 

The T)ody now becom es jointed by the appearance of trans- 
verse folds opposite the dissepiments, and tlie metainefisin of the 
body becomes evident on the exterior! The young worm~has 
llius 'reached a"stage {E^ Fig. 36) where its resemblance to the 
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adult is obvious. It has an elongated, jointed body, traversed 
by the alimentary canal, which opens in front by the mouth and 
behind by the anus. The metamerism is expressed externally 
by the jointed appearance, internally by the presence of paired 
cavities (coelom) separated by dissepiments. Both the body-wall 
and the alimentary wall consist of two layers: the former of 
ectoblast without and somatic mesoblast within; the latter of 
splanchnic mesoblast without (i.e., towards the body-cavity), 
and either entoblast or ectoblast within, according as we con- 
sider the mid-gut on the one hand, or the fore- and hind-gut on 
the other. This is shown in Fig. 38, which represents a cross- 
section of the embryo through the mid-gut. If this be clearly 
borne in mind the development of all the other organs is easy to 
understand, since they are formed as thickenings, outgrowths, 
etc., of the parts already existing. For instance, the blood- 
vessels make their appearance everywhere throughout the mes o- 
blast, and the reproductive organs are at first mere thickenings 
on the somatic layer of the mesoblast , afterwards separating 
more or less from it so as to lie in the cavity of the coelom. 
The nervous system is produced by thickenings and ingrowt hs 
from the ectoblast. The origin of the different parts is shown 
in the following scheme : — 

THE GERM-LAYERS AND THEIR DERIVATIVES. 



EctoUast, 



Mesoblast 



Outer skin (Hypodermis and Cuticle). 

Nerves and Ganglia. 

Lining membrane of pharynx (fore-gut) . 

Lining membrane of anus and hinder part of intestine (hind-gut). 



Muscles. 

Blood-vessels. 

Reproductive organs. 

Outer layers of alimentary canal. 



Entoblast. 



Lining membrane of greater part of the alimentary canal (mid-gut). 



The above statements ^ as to the origin of the various organs 
acquire great interest in view of the fact that they are essen- 

* The nephridia have been omitted since their precise origin is in dispute. 
It is certain that the outer portion of the tube (muscular part) is an ingrow th 
from the ectobl ast. The latest researches seem to show that the entire n e- 
p hridium h as the same origin , though some authors describe the inner portion 
as arising from mesoblast. 
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tially true of all animals above the earthworm, as well as of 
many below it — of all, in a word, m which the three germ- 
layers are developed, i.e., all those above the Codenterata^ or 
polyps, jelly-fishes, hydroids, sponges, etc. In man, as in the 
earthworm and all intermediate forms, the ectoblast gives rise 
to the outer skin (epidermis), the brain and nerves, fore- and 
hind-gut ; the entoblast gives rise to the lining membrane of the 
stomach, intestines, and other parts pertaining to the mid-gut; 
while the somatic and splanchnic layers of the mesoblast give 
rise to the muscles, kidneys, reproductive organs, heart, blood- 
vessels, etc. It is now generally held that the germ-layers 
throughout the animal kingdom (with the partial exception of 
the Ccelenterata already mentioned) are essentially identical in 
origin and fate. This view is known as the Germ-layer Theory. 
It is one of the most significant and important generalizat ions 
which the study of Embryology has brought to light, sincS it 
recognizes a structural identity of the most fundamental kind 
among all the higher animals. 

Sooner or later the young earthwonn bursts through the 
walls of the capsule and makes its entry into the world. When 
first hatched it is about an inch long and has no chtellum. 

. It is a curious fact that in certain species of LumMciis the young 
worms are almost always hatched as twinSy two individuals being derived 
from a single egg by a process which is described by Kleinenberg in the 
Quarterly Journal of Miavscopical Science^ Vol. XIX., 1879. It often 
happens that the twins are permanently united by a band of tissue, as in 
the case of the well-known Siamese twins. 

We have now traced roughly the evolution of a complex 
nany-celled animal from a simple one-celled germ. It is im- 
portant to notice at this point a few general principles which are 
true of higher animals in general! 

1. The embryological history is a true process of develop- 
ment, — ^not a mere growth or unfolding of a pre-existing rudi- 
ment as the leaf is unfolded from the bud. Neither the ovum 
nor any of the earher stages of development bears the sl ightest 
resemblance to an earthwonn. The embryo undergoes a trans- 
formation of structure as well as an increase of size. 

2. It is a progress from a one-celled to a many-celled c on- 
dition. 
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3. It is a progress from relative simplicity to relative com - 
plexity . The ovmn is certainly vastly more complex than it 
appears to the eye, but no one can doubt that the full-grown 
worm is more complex still. 

4. It is a progress from a slightly differentiated to a highly 
differentiated condition . The life of the ovum is that of a 
single ce ll. Th e blastula is composed of a number of nearly 
similar cells, which in the gastrula become differentiated in to 
t wo distinct tissues. In later stages the cells become differ enti- 
ated into many different tissues, which in turn build up dilterent 
organs performing unlike functions. 

5. Lastly, the development -forms a cyple, beginning w ith 
the germ-cell, and after many complicated changes resulting in 
the production of new germ-cells, ^hich repeat the proce ss and 
give rise to a new generation. All other cells in the body must 
sooner or later die . The gemi-cells alone persist as the starting- 
point to which the cycle of life continually returns (cf . p. 73). 
Their protoplasm, the " germ-plasm^^'^ is the bond of continuity 
that links together the successive generations. 
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CHAPTER VI. 

THE BIOLOGY OF AN ANIMAL {Cmtinued). 

The Earthworm. 
Microscopic Structure or Histology. 

We have followed the development of the one-celled germ 
through a stage, the hlastula^ in which it consists of a mass of 
nearly similar cells out of which t he various tissues of the adult 
eventually arise. The first ste p in this direction is the differen - 
tiation of the germ-layers or three primitive tissues (p. 84). 
As the embryo develops, the cells of these three tissue s become 
differentiated in structure to fit them for different duties in the 
physiological division of labor. And when this process of dif- 
fer entiation is accomplishe d and the adult state is reache d we 
find six well-marked varieties of tissue, as follows : — 

PRiNcn>AL Tissues of Lumhrieus. 

I. EpitheliaL Layer of cells covering free surfaces. 

(a) Pavement Epithelium. Cells thin and flat, arranged like the 

stones of a pavement. 
(6) Columnar Epithelium. Cells elongated, standing side by side, 

palisade-like, 
(c) Ciliated Epithelium, Columnar or cuboid, and bearing cilia. 

II. Muscular. ^ Cells contractile and elongated to form fibres. Often 
arranged in parallel masses or bundles, 

III. Nervous. Cells pear-shaped or irregular, with large nuclei ; hav- 
ing processes prolonged into slender cords or fibres, bundles of which con- 
stitute the nerves. 

IV. (Jerminal. Including the germ-cells. At first in the form of epi- 
thelial cells covering the ccelomic surface, but afterwards differentiated 
into ova and spermatozoa. 

V. Blood. Isolated cells or corpuscles floating in a fluid intercellular 
substance, the plasma, 

VI. Connective Tissue. Cells of different shapes, often branched but 
sometimes rounded, separated from one another by more or less lifeless 
(intercellular) substance in the form of threads or homogeneous materiaL 

90 
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^ These six kinds of tissue constitute the main bulk of the 
earthworm, as of higher animals generally ; but there are in ad - 
dition ot h er tissue s which will be treated of hereafter. 

Arrangement of the Tissues. The simplest and most direct 
mode of discovering the arrangement of the tissues is by the mi- 
croscopical study of thin transverse or longitudinal sections. A 



Ftg. 39.— Transverse section of the body behind the clitellum. a.c, c«^vity of the aU- 
mentary canal ; c, cuticle ; c<b, coelom ; c.m^ circular muscles ; c.v, circular vessel; 
d.i\ dorsal vessel; hy^ hypoderrnis; l.m^ longitudinal muscles; n.c^ ventral nerve- 
chain ; p.e, peritoneal epithelium ; s, seta ; s.g, setigerous gland ; s.f .v, sub-intes- 
tinal vessel; s.m, muscle connecting the two groups of Setse on the saihe side; ty, 
typhlosole. 

transverse section taken through the region of the stomach- 
intestine is represented in Fig. 39. Its composition is as 
follows : — 
A. Body- WALL. 

This consists of five layers, viz. (beginning with the out- 
side), — 

1. Cuticle (c). A very thin transparent membrane, jxQt 
composed jof cells and perforated by fine pores. It is a product 
or secretion of the — 
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2. Hypoderm ia {hy) (epidennis or skin). A layer of colum;. 
par epitheUu m, composed of several kinds of elongated cells, set 
vertically to the surface of tli~e"'I)ody". Some of lliese5~tnown as 
gldnd-ceU^^ have the power of producing withiQ their substance 
a glairy fluid (mucus), which exudes to the exterior through the 
pores in the cuticle. Others (sensory cells) give off from their 
inner ends nerve-fibres which may be traced inwards to the 
gangUa (Fig. 43). 

The Clitellum is pr oduced by an enonnousJ;hickenicij^.olllieJijpQder 
mis, cau sed especially by a £reat_deyelqpment_qf the gland-cells. Thr ee 
forms of thes e may be distinguished, which probably produce different 
secretions. The tissue is permeated by num erou s minute blood-vessels 
which ramify between the cells. 

3. Circular Muscles { cm). A layer of parallel muscle- 
fibres running around the body. On the upp er side they are 
intermingled with connective-tissue cells containing a granular 
brownish substance (pigment) which gives to the dorsal aspect 
its darker tiQt. 

4. Longitu dinal Mu scles (J^.m). A layer of muscle-fibres 
running lengtTiwise of the body. They are arranged in compli- 
cated bundles, which in cross-sections have a feathery appear - 
ance. In longitudinal sections they appear as a simple layer, and 
resemble the circular fibres as seen in the cross-section. 

The circular muscles are arranged in somewhat similar bun- 
dles, as may be seen in longitudinal sections. 

5. Ccdomic or Peritoneal Epithelium (p.e.). A very ^in 
l ayer of flattened ce lls next the coelomic cavity. 

The hypode rmis , and therefore also the cuticle to w hich it 
gives rise, is der ived from the ectoblast. _ The other lay ers ( 3^ 
4, 5) arise from the somatic layer of the mesoblas t. 
B. Alimentary Canal. 

The wall of this tube appears in cross-section as a ring sur- 
rounded by the coelom. The typhlosol e (ty) is seen to be a deep 
infolding of its upper portion. In the middle region the wall is 
composed of five layer s as follows, starting from the alimentary 
cavity (Fig. 40) : — 

1. LiningEpithelium {ep). A layer of closelxpg dced, na r« 
row ciliated columnar cel ls with oval n uclei. 

2. Vascular Layer (v.l). Numerous minute bloo4- vessels. 
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L 3. Circular Muscles (cm). A thin l ayer of musole-fihrpA 

running around the gut. 

*• I'O^i^'^^dinal Mu scles { I. m). A thin layer of musc le- 
\ fibres running along the g ut. 

\ 5. Chlo rag ogue Lamr {c K). Composed of large polyhedral 

^\or rounded cells containing y ellowish-green granules . The cells 

JUI the hollow of the typ hlosol e, and cover the surface of th e 

ddrsal and lateral bFood- vessels. This layer represents the 

splanchnic part of iJie peritonea l epithelium . 

The same general arrangement exists in all parts of the alimentary 
canal, but is sometimes greatly modified. For instance, the gizzard and 
pharynx are lined by a tough, thick cuticle^andjhe muscular la ye rs are 
enormously developed . In a part of the gizzard the chloragogue-layer is 
nearly or quit e absent and the typhlosole disappearsT A fuller de'scfipFion 
of these modifications will be found in Brooks's Handbook of Invertebrate 
Zoology, and a complete account in Clapar^de, Zeitschrift filr wissen-- 
schaftliche Zoohgie, Vol. XIX., 1869. 

The lining epithelium is derived from the entobla st. The 
remaining layers arise by differentiation of the splanchnic layer 
of mesoblast. 



.^ . 
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Fio. 40.— Highly magnified cross-section through the waU of the alimentary canaL 
c/i, chlor^gogne layer ; cm, circular muscles ; e.p, lining epitheUum ; Lth, longi- 
tudinal muscles ; v.l, vascular layer. 

Blood-vessels appearjn t he section as rounded or irregul ar 
cavities bounded by thin walls. They consist of a delicate lining 
epithelium ocwrf^r^A j2y_g_j[;liiQ_l^^I - Q^ rpiifi^^*^-^!^^^^ In the 
walls" of the stomach-intestine the vessels are often completel y 
invested by chlo rago gue-cells, which radiate from them with 
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great regularity (Fig. 39). The finer b ranches have no muscu- 
lar lay er, consisting of the epithelium alone. 

Dissepiments. These often appear in cross or longitudinal 
sections. They consist chiefly of muscle-fi bres irrey ilar^y djg, 
posed , i ntermingled with connective-tissue cells and fibres, and 
covered on both sides with the peritoneal epi thelium. 

Nervous System. A cross-section of a g anglion (Fig. 41) 
diows it to be composed o f two distinct parts , viz., (1) the gan- 



Fig. 4L— Highly magnified cross-section of a ventral ganglion, or./, giant-fibres ; Ln, 
lateral nerve ; n.c, nerve-cells ; s, muscular sheath of the ganglion ; 8.r, sub-neu- 
ral vessel ; 8.n.t7, supra-neural vessel. 

glion proper on the insid e, and (2) a sheath which envelops it. 
The sheath (^JFig. 41) consists of two layers , viz. : — 

^' P^'^i^o'^^^^ Ejnthelium. On the o utside. 

2. Muscular Layer ^ or sheath, a thick layer of irregularly 
arrangedlnuscle-fibres Tnt ermingled with connective . tissue. Im- 
bedded in it are the sub-neural blood-vessel on the lower side 
and the s upra-neur al blood-vess els on each side above. In the 
middle line are three rounded spaces (jy, f^ Fig. 41), which are 
the cross -sections of tlireehollow fibres running along the entire 
length of the ven tral n erve -chai n. They are called '^^ant- 
fibres," and possibly serve to support the soft parts of the nerve- 
cord. 

The Gangl ion proper is distinctly bilobed, and consists of 
two portions, viz. : — 

i . Nerve-cells {n, c), Numerous pear-shaped nerve-cells near 
the surface, with their narrow ends turned towards the centre, 
into which each sends a single branch or nerve-fibre. They are 
confined chiefly to the ventral and lateral parts of the ganglion. 
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2. F ihrovs Portion. This occupie s the central par t. It 
consists of a close a n d complicated network of nerve-fibres inte r- 
mingl ed with connective tissu e. Some of these fib res communi- 
cate with branc hes of the nerve-cells, as stated abov e^ others 
run out into Jthe Jatera]^ ??^s, while still others run along the 
commissu res to connect with fibres from other gang lia. 



Fig. 42.— Two of the ventral ganglia (I, II) of Lumhricvs with the lateral nerves, 
showing some of the motor nerve-cells and fibres (black), a sends fibres for- 
wards and backwards within the nerve-cord ; h, a fibre into one of the double 
nerves on its own side ; c and d, fibres that cross to the nerves of the opposite side. 
(After Retzius.) 

According to the latest researches (of Lenhoss^k and Retzius) most if 
not all of the nerve-cells of the ventral cord are motor in function. ~l!Tear' 
the centre of each ganglion (Fig. 42, e) in a single large multipolar cell of 
doubtful nature. All the other cells are either bipolar or uoipiilar, in the 
latter case sending out a single branch which soon divides into two. In 
every case one of the branches breaks up into fine sub-divisions within the 
cord. The other branch in most cases passes out of tlie cor^hrough one 
of the lateral nerves to the muscles or other peripheral organs, either 
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crossing within the cord to the opposite side of the body or making ex it 
on its own side . Some of the cells, however, are purely ** commissural, " 
i.e., neither branch leaves the cord. 

The sensory fibres entering from the periphery terminate freely (not in 
nerve-cells), breaking up into numerous fine branches on the same side of 
the cord. (Fig. 43.) 

The nerves leaving the central system are mixed. i.e., they contain both 
sensory and motor fibres. 



Fig. 43.— Transverse section of ventral part of the body, showing the nervous con- 
nections, n.c^ ventral ganglion, giving oflf a lateral nerve at l.n. ; p.e., peritoneal 
epithelium ; l.m., longitudinal muscles; hy, hypodermis ; 8, seta. A single motor 
nerve-cell (black) is shown sending a fibre into the nerve towards the left. In 
the nerve to the right are sensory fibres proceeding inward from the sensory cells 
(black) of the hypodermis, and terminating in branching extremities. (After 
Lenhoss6k.) 

Sections thr ough the v entral com missur es are similar to those JhroHgh 
the gang lia, but the ce ntral portion ( i.e., that within the^sheath)^ is snaaller, 
is divided into two distinct parts, a nd t he nerve- cells are jess abundant.. 

Sections throug h the nerves show the m to consist only of para llel fi bres 
surrounded Jby a sheath which gradually fades away as the nerves grow 
smaller, and finally disappe ars, the^uscularla^erfijrst disappearing, and 
then the e pithelial cov er ing. 

With this brief sketch of the histological structure of the 
earthworm we conclude our morphological study of the animal. 
Those who desire fuller information on the histology will find a 
geneial treatment of 'it in the work of Claparede, already cited 
at p. 93. Many later works have been published on the de- 
tailed histology. 
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CHAPTEE VIL 
THE BIOLOGY OF AN ANIMAL (Continued.) 

Physiology of the Earthworm. 

In the preceding pages brief descriptions of many special 
physiological phenomena have been. given in connection with the 
detailed descriptions of the primary functions and systems. It 
now remains to consider the more general problems of the life of 
the animal, and especially its relations. to the environment, an d 
the transformatio ns of matter and energy which it effects. 

The Earthworm and its Environment. The earthworm is an 
organized mass of living matter occupying a definite position in 
space and time, and existing amid certain definite and character- 
istic physical surroundings which constitute its "'^ environment.^^ 

As ordinarily understood the term environment tipplies only 
to the innnediate surroundings of the animal — ^to the earth 
through which it burrows, the air and moisture that bathe its 
surface, and the like. Strictly speaking, however, the environ- 
ment i ncludes everything that may in any manner act upon the 
organism — ^that is, the whole universe outside the worm. For 
the animal is directly and profoundly affected by rays of light 
and heat that travel to it from the sun ; it is extremely sensitive 
to the alternations of day and night, and the seasons of the year ; 
it is acted on b y gravity ; and to all these, as weU as to more 
immediate influences, the animal makes definite responses. 

We have seen that the body of the earthworm is a compli- 
cated piece of mechanism constructed to perform certain definite 
actions. But every one of these actions is in one way or an- 
other dependent upon the environment and directly or indirectly 
relates to it. At every moment of its existence the organism i s 
acted on by its environment ; at every moment it reacts upo n 
the environment, maintaining with it a constantly shifting state 
of equilibrium which finally gives way only when the life of the 
animal draws to a close. 

Adaptation of the Organism to its Environment. In its rela- 
tions to the environment the earthworm embodies a fundamental 
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b iological law, viz. , that the limng orgcm ism rwmt he ddwpted to 
its ^ivi/ronment j or, in other words, tliat a certain harmony 
between organism and environment is essential to the continu- 
ance of life, a nd any influence which tends to dist urb or destroy 
this harmony tends to disturb or destroy lif e. The adaptation 
may b e either passive (structural) or active (functional). Struc- 
tural adaptation is well illustrated, for instance, by the general 
shape of the body, so well adapted for burrowing through the 
earth. Again, the de licate integument gives to the body the 
flexibility demanded by the peculiar mode of locomotio n; it 
aifords at the same time a highly favorable respiratory surface — 
a matter of no small importance to the worm in its badly-venti- 
lated burrow ; and yet this delicate integument does not lead to 
d^ccation, because t he animal lives always in contact with moist 
earth. The alimentary canal, long and complicated, is most 
perfectly fitted for working over and extracting nutriment from 
the earthy diet. The reproductive organs are a remarkable in- 
stance of complex structural adaptation in an animal which on 
the whole is of comparatively simple structure. 

Functional adaptation is perhaps best shown in the instinctive 
actions or '' habits" of the worm. Its nocturnal mode of life 
(functional adaptation to lightjand its ''timidity" protect it 
from heat, desiccation, from birds and other enemies. In win- 
ter or in seasons of drought it burrows deep into the earth. 

A striking instance of adaptation is shown in the care which 
is taken to insure the welfare of the embryo worms. Minute, 
delicate, and helpless as they are, they develop in safety inside 
the tough, leathery capsule (p. 78), floating in a milklike 
liquid which is at once their cradle and their food. 

Origin of Adaptations. The development of the earthworm 
shows that its whole comjJex bodily mechanism takes origin in a 
single cell (p. 74), and that all the remarkable adaptations e x- 
pressed in its structure and action are brought about by a grad ual 
jprocess in the life-history of each individual worm. There is 
reason to believe that this is typical of the ancest ral his tory (de- 
scent) of the species as a whole, and that adap tation h as been 
gradually acquired in the past. We know that environments 
change, and that to a certain extent organisms change corre- 
spondingly through functional adaptation, provided the change of 
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environment be not too sudden or extreme. In other words, 
the o rganism possesses a certain plasticity/ which enables it to 
adapt itself to gradually-changing conditions of the environment, 
!N^ow there is good reason to believe that as enviro nment 
has gradually undergone chan ges in the past, organisms have 
gradually undergone corresponding changes of structure. Those 
which have become in any way so modified as to be most per - 
f ectly adapted to the changed environment have tended to s ur- 
vive and leave similarly-adapted descendan ts. Those which 
have been less perfectly adapted have tended to die out through 
lack of fitness for the environment ; and by this process — called 
by Darwin ^^ Natural Selection ^^ and by Spencer the "Survival 
of the Fittest" — ^the remarkable adaptations everywhere met 
with are believed to have been gradually worked out. 

It should be observed that Natural Selection does not really explain the 
origin of adaptations, but only their persistence and accumulation. The 
theory of evolution is not at present such as to enable us to say with cer« 
tainty what causes the first origin of adaptive variations . 

Nutrition. The earthworm does work. It works in travel- 
ling about and in forcing its way through the soil ; in seizing, 
swallowing, digesting, and absorbing food; in pumping the 
blood ; in maintaining the action of cilia ; in receiving and send- 
ing out nerve-impulses ; in growing ; in reproducing itself — in 
short, in carrying on any and every form of vital action. To 
live is to work. Now work involves tlie expenditure of energy, 
and the animal body, like any other machine, while life con- 
tinues, requires a continual supply of energ y. It is clear from 
what has been said on p. 32 that the immediate source of the 
energy expended in vital action is tlie working protoplasm itself, 
which undergoes a destructive chemical change (katabolism or 
destructive metabolism) having the nature of an oxidation . From 
this it follows on the one hani that the waste products of t his 
action must be ultimately passed out of the body as excretions, 
and on the other hand that the loss must ultimately be ma de 
good by fresh supplies entering the animal in the form of food. 
It is further evident that the income must equal the outgo if the 
animal is merely to hold its own, and must exceed it if the ani- 
mal is to grow. 
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Thus it comes about that there is a more or less steady flow 
of matter and of energy through the living organism , which is 
itself a centre of activity, like a wliirlpool (p. 2). The chemical 
phenomena accompanying the flow of matter and energy through 
the organism are those of nutrition in the widest sense. This 
term is more often restricted especially to the phenomena accom- 
panying the income , wliile those pertaining to the outgo are 
regarded as belonging to excretion . The i nteimediate process es 
directly connected with the life of protoplasm are put together 
u nder the head of metahoUsm ; they include both the construc- 
tive processes by which protoplasm is built up {ana bolism) and 
the destructive processes by which it is broken down {kataholism) 
in the liberation of energy. 

Income. It is difficult to determine the exact income of 
LumbricuSj but it may be set down approximately as follows : — 

INCOME OF LUMBBICUS. 



Matter. 


Whence Derived. 


hProteids. 


From vegetal or animal matters taken in through the mouth. 


2. Fats. 


From vegetal or animal matters taken in through the mouth. 


3. Carbohydrates. 


From vegetal or animal matters taken in through the mouth. 


i. Water, 


Taken in through the mouth, or perhaps to some extent ab- 
sorbed through the body-walls. 


5. Free oxygen. 


Absorbed directly from the atmosphere or ground-air by dif- 
fusion through the body-waUs. Sometimes from water in 
which it is dwsolved. 


Q. Salts. 


Various inorganic salts taken along with other food-stuffs. 


Enerot. 




PotentiaL 


In the food. 



The food-stu ffs are converted by the animal into the sub- 
stance of its own body (protoplasm and all its derivatives), and 
they must therefore be the ultimate sourc e of ener gy. It fol- 
lows that the animal takes i n energy only in th e po tenti al form 
(i.e., in the chemical potential between the oxidizable proteids, 
carbohydrates and fatt^, and free oxygen). It is true that the 
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animal may mider certain circumstances absor b kinetic energy in 
the form of heat, but this is available only as a condition^ not as 
a cause of protoplasmic action. In this in ability to use kinetic 
energy the earthworm is typical of animals as a whol e. 

Of the organic portion of the food proteids are a sine qua 
non^ and in this respect again the worm is a type of animal life 
in general . Either the fats or the carbohydrates may be omitted 
(though the animal probably thrives best upon a mixed diet in 
which both are present), but without proteids no animal, as fa r 
as is known, can long exist . 

General History of the Food. Digestion and Absorption* 
Lumbricus takes daily into its alimentary canal a certain amount 
of necessary food-stuffs, but these are not really inside the bod y 
so long as they remain in the alimentary canal ; for this is shown 
by its development to be only a part of the outer surface folde d 
in to afford a safe receptacle within which the food may be 
worked over. Before the food can be actually taken into the 
body, or absorbed^ it must undergo certain chemical chang es col- 
lectively called digestion (cf. p. 49). A very important part 
of this process consists in rendering non-diffusible substances d if- 
fusible, in order that they may pass through the walls of the 
alimentary canal into the blood. Proteids , for example, have 
been shown to be non-diffusible ( Chap. III). In digestion they 
are changed by the fluids of the aUmentary canal into peptones 
— substances much like proteids, but readily diffusible. In 
like manner the non-diffusible star ch is changed into diffusibl e 
sugar and becomes capable of absorption. It is highly probable 
that all carbohydrates are thus turned into s ugar. The fats are 
probably co nverted in part into soluble and d iffusible so aps which 
are readily absor bed, but are mainly emulsified and directly passed 
into the cells of the alimentary tract in a finely divided stat e. 
Nothing, however, is known of this save by analogy with higher 
animals. In all cases digestion takes place outside the hody^ and 
is only preliminary to the real entrance of food into the physio- 
logical, or true, interior. 

Metabolism. After absorption into the body proper the 
incoming matters are distributed by the circulation to the ulti- 
mate living units or cells, and are finally taken up by them and 
built into their substance. There is reason to believe that each 
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cell takes from the common carrier, the blood, only such ma- 
terials as it needs, leading a somewhat independent life as to its 
own nutrition. It co-operates with other cells under the di rec- 
tion of the nervous system (co-ordinating mechanism), but to a 
great degree is independent in its choice of foo d — ^just as a sol- 
dier in a well-fed army obeys orders for the common good, but 
yet takes only what he chooses from the daily ration supplied to 
all. 

What takes place within the cell up on the entrance of the 
food is almost wholly unknown, but somehow the food-matters, 
rich in potential energy, are built up into the living substance 
probably by a series of constructive processes culminating in pro- 
toplasm. Alongside these constructive processes (anabolism) a 
continual destructive action goes on (katabolism) ; for living mat- 
ter is decomposed and energy set free in every vital action, and 
vitality or life is a continuous process. It must not be supposed, 
however, that either the synthetic or the destructive proce ss, is a 
single act. Both probably involve long and complicated chemi - 
cal transformations but the precise nature of these changes is at 
present ahnost wholly unknown. It is certain that the destruc- 
tive action is in a general way a process of oxidation e jffected by 
aid of the free oxygen taken in in respiration. We may be 
sure, however, that it' is not a case of simple combustio n (i.e., the 
protoplasm is not '' burnt"). It is more probably analogous to 
an explosive action , the oxygen first e ntering into a loose as so- 
ciation with compl ex organic substances in the protoplasm, and 
then suddenly combining with them under the appropriate stim- 
ulus to form simple r and more highly-oxidlzed products. Of 
the precise nature of the process we are quite ignorant. 

Outgo. Just as the income of the animal represents only the 
first term in a series of constructive processes, so the outgo is 
the last term of a series of destructive actions of which we really 
know very little save through their results. The outgo is shown 
in the accompanying table. 

Both energy and matter leave the cells, and finally leave the 
body — ^the former as heat, work done, or energy still potential 
(in urea and other organic matters); the latter as excretions, 
which diffuse freely outwards through the skin and nephridial 
surfaces. 
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Matter. 


Manner of Exit. 


Carbtmmoxide iCOt). 


Mainly by diffusion through the skin. 


Water (H,0). 


Through the skin, through the nephridia, and in the teces. 


Urea [(NH,),CO], and 
its allies. 


Through the nephridia. 


SalU. 


Dissolved in the water. 


Proteids and other 
organic matters. 


In the substance of the germ-cells, the egg-capsules, and 
the contained nutrient fluids. 


Energy. 




PoUmtiaU 


A small amount still remaining in urea, in the germ-cells, 
etc. 


Kinetic 


Work performed. Heat. 



Of the daUy outgo the water, carbon dioxide, and salts are 
devoid of energy, but the urea contains a small amount which is 
a sheer loss to the .animal. "Were the earthworm a perfect ma« 
c hine it could use this residue of energy by de co mposing the urea 
into s impler compounds [viz., ammon ia (NH,) , c arbon dioxid e 
(COa), and water (HaO) ] ; but it lacks this power, though there 
are certain organisms {Bact eria) which ai'e able to utilize the lafi t 
traces of energy in urea (p. 197)- To the daily outgo must be 
added the occasional loss both of matter and of energy suffered 
in giving rise to ova and spermatozoa, and in providing a certain 
amount of food and protection for the next generation. 

Interaction of the Animal and the Environment. The action 
of the environment upon the animal has already been sufficiently 
stated (p. 97). It remains to point out the changes worked by 
the animal on the environmen t. These changes are of two 
kinds, mechanical (or ph^caj)^5dj5hemicd. The most impor- 
tant of the former is the continu al Jyansfojmaation. o£ ihe soil 
which the worms effect, as Darwin showed, by bringing the 
deeper layers to the surface, where they are exposed to the at- 
mosphere, and also by dragging superficial objects into the bur- 
rows. The chemical changes are still more significant. The 
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general ejffect of the metabolism of the apimal is the destructi on 
by oxidation of organic matter ; that is, matter o riginally t aken 
f rom the environment in the form of complex proteids, fats, and 
carbohydrates is returned to it in the form of simpler and more 
highly oxidized substance s, of which the most important are car- 
bon dioxide and water (both inorganic substances ). This action 
furthermore is accompanied by a dissipation of energy — that is, 
a c onversion of potential into kinetic ene rgy. 

On the whole, therefore, the action of the animal upon the 
environment is that of an o xidizing agent, a reducer of comple x 
c ompounds to simpler o nes, and a dissipator of energy. And 
herein it is typical of animals in genera l. 
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CHAPTER Vni. 
THE BIOLOGY OF A PLANT. 

The Common Brake or Fern. 

(Pteria aquUina, Linnaeus.) 

Fob the study of a representative vegetal organism some 
plant should be chosen which may be readily procured and is 
neither very high nor very low in the scale of organization. 
Such a plant is a common fern. 

Ferns grow generally in damp and shady places, though 
they are by no means confined to such localities. Some of the 
more hardy species prefer dry rocks or even bold cliffs, in the 
crevices of which they find support ; others live in open fields 
or forests, and still others on sandy hillsides. In the northe rn 
United States there are altogether some fifty species of wild 
ferns, but those which are common in any particular loca lity are 
seldom more than a score in numb er. Throughout the whole 
world some four thousand species of ferns are known, but by 
far the greater number are found only in jropical r egions, where 
the climate is best suited to their wants. At an e arlie r perio d 
of the earth's history ferns attained a gr eat sisje, and formed a 
conspicuous and important feature of the vegetation. At 
present, however, they are for the most part only a few feet in 
height. Nearly all are perennial ; that is, they may live for an 
indefinite number of years. Most of them h ave creeping or 
subterranean stems ; but some of the tropical species have erect, 
aerial stems, sometimes rising to a height of fifty feet or more 
and forming a trunk which is cylindrical, of equal diameter 
throughout, and bears leaves only at the summit, Uke a palm 
(tree-ferns). 

Of all the ferns perhaps the commonest and most widely 
distributed is the '' brake' ' or " eagle-fen i," which is known to 
botanists a s Uteris aquilin a^ Linnaeus, or Pteridium aquilinumf 
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Kiihn. This plant is not only common, but of jompaieitively 
simple structure ; it is of a convenient size, and lias been much 
studied. It may therefore be taken both as a representative 
fern and as a representative of all higher vegetal organi sms. 

Habitat^ Name^ etc. The brake occurs widely distributed in 
the United States, under a great variety of conditions; e.g., in 
loose pine groves, especially in sandy regions ; in open wood- 
lands amongst the other undergrowth ; on hiUside pastures and 
in thickets — indeed ahnost everywhere, except in very wet or 
very dry places. It appears to be equally common elsewhere ; 
for, according to Sir "W. J. Hooker, Pteris aquUina grows 
'' all round the world, both within the tropics and in the north 
and south temperate zones. ... In Lapland it just passes 
within the Arctic circle, ascending in Scotland to 2000 feet, 
in the Cameroon Mountains to 7000 feet, in Abyssinia to 8000 
or 9000 feet, in the Himalayas to about 8000 feet." {Synopsis 
Filicum,) 

"Pteris {nrepi?^ the common Greek name iorfern)^ signify- 
i ng wing or feathe r, well accords with the appearande of Pteris 
aquilinay the most common and most generally distributed of 
European ferns. It is possible that this fern may rank as the 
most universally distributed of all vegetable productio ns, extend- 
ing its dominion from west to east over continents and islands in 
a zone reaching from Northern Europe and Siberia to New 
Zealand, where it is represented by, and perhaps identical with, 
the well-known Pteris esculenta. The rhizome of our plant 
like that of the latter is edible, and though not employed in 
Great Britain as food, powdered and mixed with a small quan- 
tity of barley-meal it is made into a kind of gruel called gofi o^ 
in use among the poorer inhabitants of the Canary Islands." — 
(Sowerby.) 

The specific name aquilina {aquila^ eagle) and a popular 
name, "eagle-fern," in Germany, etc., have come from a 
fanciful likeness of the dark tissue seen in a transver se section 
of the leaf-stalk to the figure_of_ a n outsp read eagle. The same 
figure has, however, been compared to an oak-tree, and has also 
given rise to the name of " devil' s-foot fern," from its alleged 
resemblance to "the impression of the deil's foot," etc., etc. 

The popular designation of this plant as " the brake " testi- 
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fies to its great abundance ; for a brake is a dense thicket or 
undergrowth — as for example a cane "brake," 

When fully grown (Fig. 44) the common brake has a leafy 
top supported by a polished, dark-colored, erect stem, which in 
! N^ew England rises to a height of from one to four feet above 
the ground. In this climate, however, it appears to be some- 
what undersized, for it grows to a height of fourteen feet in 
the Andes,* and in Australia attains to twice the height of a 
man, forming a dense undergrowth beneath tree-ferns 40-100 
feet high.f In Great Britain it is from six inches to nine feet 
high (Sowerbj^, or even larger in exceptional cases. '' In dry 
gravel it is usually present, but of small size ; while in thick 
shady woods having a moist and rich soil it attains an enormous 
size, and may often be seen climbing up, as it were, among the 
lower branches and underwood, resting its dehcate pinnules 
on the little twigs, and hanging gracefully over them." 
(Newman.) 

General Morphology of the Body. 

The body of the fern, like that of the earthworm, consists 
of cells, grouped to form tissues and organ s. Their arrange- 
ment, however, differs widely from that in the animal, for the 
plant-body is a nearly solid mass, and there are no extended 
internal cavities enclosing internal organ s. The organs of th e 
plant are for the most part external, and arise by local modifi ca- 
ti ons of the general mas s. Like many higher plants the body 
of the fern consists of an axis or stem-bearing branches, from 
which arise leaves. The fern differs form ordinary trees, how- 
ever, in the fact that the stem, with its branches, lies horizont al 
beneath the surface of the ground . Only the leaves (fronds) 
rise into the air. (Fig. 44.) It is convenient to describe the 
body of the brake, accordingly, as consisting of two very dif- 
ferent parts — one green and lea flike, which rises above the 
ground ; the other black and rootlike, lying buried in the soil. 
These will henceforth be spoken of as th e aerial and the jm^r- 
ground 'psirts. 

The undergro und pa/rt lies at a depth of an in ch to a foot 

* Hooker, I, c. 

t Krone, Botan. JaJire^ericU, 1876 (4), 346. 
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Pig. 44.— The Brake (Pteris aquUinaX showing part of the underground stem (r.7i) 
and two leaves, one (li), of the present year, in full development; the other 
d'), of the past year, dead and withered. o.b, apical bud at the extremity of a 
branch which bears the stumps of leaves of preceding years and numerous 
roots ; l», mature active leaf ; l\ dead leaf of preceding year ; l.m^ lamina of leaf ; 
p, pinna ; r.h, portion of main rhizome ; :r, younger pinna, which is shown en- 
larged at B. This pinna is nearly similar to the pinnules of older pinnae. (X J.) 
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below the surface, and branches widely m various directions. 
It may often be followed for a long distance, and in such cases 
reveals a surprisingly complicated system of underground 
branches. At first sight, the underground portion of the fern 
appears to be the root, but a closer examination shows it to be 



r eally the stem or gads of the plant, which differs from ordinary 
stems chiefly in the fact that it lies horizontally under the 
ground instead of rising vertically above it. The aerial portion, 
which is often taken for stem and leaf, is really leaf only. The 
true roots are the fine fibres which spring in great abunda nce 
from the underground stem. Underground stems more or less- 
like that of Pteris are not uncommon — occurring, for instance, 
in the potato, the Solomon' s-seal, the onion, etc. In Pteris^ 
and in certain other cases, the underground stem is technically 
called the rooUtoch or rhizome^ and in this plant it constitutes 
the larger and more persistent part of the organism. In the 
specimen shown in Fig. 45 the rhizome was about eight feet 
long and bore two leaves. It was dug out of sandy soil on the 
edge of a woodland, and lay from one to six inches below, the 
surface. It was crossed and recrossed in all directions, both 
above and below, by the rhizomes of its neighbors, the whole 
constituting a coarse network of underground stems loosely fill- 
ing the upper layer of the soil. 

The aerial portion (the frond or leaf) is likewise divisible 
into a number of parts, comprising in the first place theleaf- 
stalk or atipe ^ and th e leaf proper or lamina . The latter is subdi- 
vided like a feather ( yinnately) into a number of l obes (j pinnce^ 
Fig. 44), which vary in form according to the state of de- 
velopment of the leaf. In large leaves the two lower pinnse a re 
often larger th an the otiiers, so that the leaf appears to consist 
of three principal divisions, and is said to be "ternate^^ or trip- 
ly divid ed (Fig. 44, A). Each pinna is in turn pinnately sub- 
^vided into pinnules (pinnulce) or leaflets (Fig. 44, jB), each of 
which is traversed down the middle by a thickened ridge or 
rod, the midrib. The leaflets sometimes have smooth outUnes, 
but are usually lobed along the edges, as in Fig. 44, B. In 
this case their form is said to b e pinnatifd . Eac h lobe is like - 
wise furnished with a midri b. The stipe enlar ge&__SQmewhai 
just below the surface of the ground, then grows smaller and 



Digitized by 



Google 



no 



THE BIOLOGY OF A PLANT, 





joins the rhizome. The enlarge- 
ment is of considerable interest, 
for it occurs at precisely the 
point of greatest strain when the 
leaf is bent by the wind or other- 
jvise, and must serve to strength- 
' en the stipe. . 

It will appear from the fol- 
lowing description that the plant 
body exhibits in some measure 
certain general forms of sym- 
metry and differentiation which 
in a broad sense may be regarded 
as analogous to those occurring in 
the animal. The rhizome grow s 
only at one end, and in its struc- 
t ure suggests the antero-posteri or 
differentiation of the animal. It 
also shows a slight differentiation 
between the upper and low er 
surfaces, which appears both in 
the Q^ernal f orm and in the ar- 
rangement of the interna l hues. 
It is furthermore .xiistinctly bi lat- 
eral, a vertical plane dividing it 
into closely similar halves. These 
features are, however, far less 
prominent in the fern than in 
the earthworm, and in plants 
they never attain a high degree 
of development, while in the 
. higher animals they are among 

\^ the most conspicuous and im- 

1 portant features of the body. 

i<io. 45.-An entire Of morc general importance in 



of^^the leaves^^s the fcm is the repetition of 

young and smaU. • •! j. /t_ — i 7 — 

and a comparison of siHular parts (branches, roots, 

the figure wilAi Fig. :; r — *^; — ^ \ , , . ' 

44wiiTshow8omeof leaves) alouff the axis, which 

the differences be- \ *r . 

tween Reaves of dif- suffffcsts, perhaps, a Certain an- 

ferentages. ^^ ^ ^ ^ ^ 
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alogy to animal metamerism, though not usnally recosrniz ed 
or designated by the same "term. All of these conditions of 
differentiation and symmetry are more easily made out by an 
examination of the aerial portion. 

The plant as a whole, may be regarded as consisting of 
an (zxis (the rhizome and its branches) which bears a numbe r 
of (appendages in the form of roots and leaves . The axis forms 
the central body or trunk of the plant, and in it most of its ma t- 
ter and energy are stored ; the appendages are organs for taking - 
in food, for excretion, for respiration, for reproduction, e tc. 

The TTndergronnd Stem^ or Rhizome, and its Branchei. The 
rhizome is a hard black, elongated, and branching stem, gener- 
ally flattened somewhat in the vertical direction as it lies in the 
earth, and expanded slightly on either side to form well-marked 
lateral folds — the lateral ridaes. Its thickness is seldom more 
than JialLanJuich, and ugnally considerably JeaeL. In transverse 
section it has the outline shown in Fig. 48, and the margina l 
part only is black . The b ranches repeat in all respects th e form 
and structure of the main axis. Both the main axis and the 
branches end either in conical, pointed, and fleshy structur es 
a bout two inches long, or in blunt, yellowish knobs, plainly de - 
pressed in the centre . At these ends the rhizome grows ; hence 
they are called the growing points or apical huds (Figs. 44, 47). 

Besides the apical buds the rhizome bears nearly always one 
or more dead, decaying tips. These arise in the following man- 
ner : After attaining a certain length both the rhizome and its 
branches gradual ly die away behind. Death of the hinder part 
follows at about the same rate with which growth advances at 
the apical buds ; so that the total length may not change ma te- 
rially from year to ye ar. It is obvious that this process must 
result in the gradual and successive detachment of the branches 
from the main axis. Each branch, now become an indepen d- 
ent rhizome, repeats the process ; and in tliis manner a single 
original rhizome may give rise to large numbers of distinct 
plants, all of which have been at some time in material connec- 
tion with an ancestral stock. This process is evidently a kind of 
reproduction (though it is not the most important or most obvi- 
ous means for the propagation of the plant), and in this way a 
large area may be occupied by distinct, though related, plants 
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whose branching rhizomes cross and recross, making the subter- 
ranean network abeady described, p. 109. 

Origin of Leaves upon the Bhizome and its Branches. The 
young plant of Pteris puts up a number o f leaves (7-1 2"! yearly, 
but the adult generally develops one only, w hich grows very 
slowly, requiring two vears before it unfolds . Towards the end 
of the. first year it is recognizable only as a minute knob at "the 
bottom of a depression near the growing point. At the begin- 
ning of the second year it is perhaps an inch high, the stalk 

r 



Fio. 46. (After Sachs.)— Developing leaf, etc., of Pteris. A^ end of a branch show- 
ing the apical bud and the rudiment of a leaf; B, a rudimentary leaf ; C, a 
similar leaf in longitudinal section, showing the infolded lamina (I), the attach- 
ment to the rhizome, and the prolongation of the tissues of the latter into the 
leaf ; D, lamina of a very young leaf ; JE, horizontal section through a growing 
point which has just forked to form two apical buds. a.h. apical bud ; ep, epi- 
dermis and underlying sclerotic parenchyma ; /.b, flbro-vascular bundles ; I, 
lamina ; r, root ; 8.p, sclerotic prosenchyma ; x^ an adventitious bud at the base 
of the leaf. 

only having appe ared. At the end o f the second year the lami na 
is develo ped, and hangs down as show n in Fig. 4 6, C. Early in 
the spr ing of the third jyear^it breaks through the ^ound, and 
grows rapidly to the fully-matured state. 
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The l eaves usually arise near the apical buds of the ma in 
axis o r of the branches. Behind each mature leaf remnants of 
the leaves of preceding years are- often to be found, alternatin g 
on the sides of the rhizome in regular success ion, and showing 
various stages of decay. The first^ of these (which is on the 
opposite side of the rhizome from the living leaf) was alive, the 
previous year : the next (on the same side with the living leaf) is 
the leaf of the year before that; and so on . Fig. 47 shows an 
example of this sort. The leaf of the present year, ?, is fully 

it If If 



r 9^1^ 

Fio. 47. (After Sachs.)— Branch of a rhizome of Ptei^, showing the apical bud (a.b\ 
the stumps of a number of successive leaves {l\ I', I', etc.), and a part of the main 
rhizome irh), r, root. 

developed ; and the relics of the leaves of the preceding years 
are indicated at ?, l\ etc. ; P is the rudiment of next year's leaf. 

Internal Structure of the Ehizome. The rhizome is a -nearly 
solid ma ss, consisting of many different kinds of cel ls, united 
into different tissue s, and having a very complicated arrange- 
ment. Its study is somewhat difficult. Nevertheless the ar- 
rangement of the cells is definite and constant, and merits careful 
attention, since it has many features which are characteristic of 
the cellular structure of the stems of higher plants. We shall 
first examine its more obvious anatomy as displayed in transverse 
and longitudinal sections, afterwards making a careful micro- 
scopical study of the cells and tissues. 

Seen with a hand-lens or the naked eye, a transverse section 
of the rhizome (Fig. 48) presents a whitft or ypillnwish hAr>V. 



Digitized by 



Google 



114 THE BIOLOGY OF A PLANT. 

ground bounded by a black margin (the ejndermis ) and marked 
by v arious colored or pale spots and bands ; the latter are differ - 
ent tissue s, or systems of tissue. These different structures are 
arranged in three groups or systems of tisstce^ which are found 



Fig. 48.— Cross-section of the rhizome of Pteris. tr, lateral ridges ; /.p, fundamental 
parenchyma; 8.p, sclerotic parenchyma; 8,j)rOt sclerotic prosenchyma; /.b, x 
fibro-vascular bundles. . 

among all higher plants in essentially the same form, though 
differing widely in the minor details of their arrangement. 
These are : — 

I. The Fundamental System of Tissues. 
II. The Epidermal System. 
III. The Fibro-vascular System. 

The FuTidamental system consists in Pteris of three tissues : 

{a) fund amental parenchyma (Fig. 4:8, f_p), the soft whitish 
mass forming the principal substance of the rhizome ; 

(h) sclerotic parenchyma {s.p), the brown hard tissue Ijmfi: 
just below the epidermis, from which it is scarcely distinguish- 
able ; 

(c) sclerotic prosenchyma (s.pro), black or reddish dots and 
bands of extremely hard tissue", most of which is contained inliEO 
conspicuous 'bands "'^ihg^' one on either side of _a plane joining 
the lateral ridges. 
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The sclerotic parenchyma and the sclerotic prosenchym a both 
arise through a transformation (hardening^ etc.) of portioiifi of 
o riginally-soft fundamental parench yma. In most plants above 
the ferns the fundamental system contains neither of these tissues. 

The FibrO'Vdsoula/r system, i s composed of longitudinal 
threads or strands of tissue known as ih% jibrO'Vascular Inrndles^ 
and these in one form or another are characteristic of all higher 
plants. They appear here and there in the section (Fig. 48, f.b) ^ 
as indistinct, pale or silvery areas of a roundish, oval, or elon- 
gated shape. Closely examined they show an open textur e, en- 
plofiing RpftpPffi whi> h are sections of empty tube s, or vessels and 
fibres, from which the bundles take their name. 

The Epiderma l system consist s of a single t i ssue, the j^^ider- 
mis^ which covers the outside of the rhizome . 

By a simple dissection of the stem with a knife the sclerotic 
prosenchyma and the fibro- vascular bundles may be seen to be 
long strands or bands, coursing through the softer fundamental 
tissues. 

It should be clearly understood that these three systems are, 
in general, not single tissues, but groups of tissues which a re 
constantly associated together for the performance of certa in 
functions.*^ 



Microscopic Anatomy (Histology) of the Rhizome. 

General Account. Microscopic study of thin sections of the 
rhizome shows the various tissues to be composed of innumerable 
closely-crowded cells, which differ very widely in structure and 
in function. In studying these cells the student should not lose 
sight of the fact that they are objects having th ree dimen sions, 
of which only tw o are seen in sections. And hence a single sec- 
tion may give an imperfect or entirely false impression of the 
real form of the cells, — ^just as the face of a wall of masonry may 
give only an imperfect idea of the blocks of which it is built. 

* This classification of the tissues is only a matter of convenience, and has 
little scientific value. By many botanists it has been rejected altogether ; but 
no apology for its use need be made by those who, like the authors, have 
found it useful, so long as it is defended by Sachs (who first introduced it) and 
its value for beginners is conceded by Be Bary. 
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For this reason many of the cells can only be understood by a 
comparison of transverse and longitudinal se ctions, and these 
should be studied together until their relations are thoroughly 
mastered. 

The following table gives brief definitions of the leading 
vegetal tissues and is good not only for Pteris but for all 
plants : — 

PRINCIPAL ADULT VEGETAL TISSUES. 



Tissues. 


Chabactsbistics, 


1. Epidermia. 


CeUs In a single layer covering the outer surface. 


2. Parenchyma, 


Masses of cells, rounded, prismatic or polyhedral, usually incom- 
pletely joined at the angles, thus leaving intercellular spaces. 
Not much longer than broad. Thin-walled, 




3. Pro8enchuma, 


Cells elongated, typically massed, without InterceUular spaces. 


4. SUve-tiibes,' 


Cells elongated, thin-waUed, panelled with perforated areas, 
containmg proteids. 


5. TrocTieids. 


CeUs thick- walled, elongated, pointed, hard ; waUs pitted ; filled 
with air. 


6. Trachece or 
vessels. 


Cells very slender, elongated, opening into one another at their 
ends, often spirally thickened, and filled with air. 



7 



These six tissues are not only found in the rhizome, but ex- 
tend throughout the roots and the fronds as well. Moreover, 
all the tissues not only of the fern but of all higher plants are 
varieties of them. 

Special Account. It must not be forgotten that the differenc es 
between tissues are only the outcome of the differences between 
their component cells (p. 1 3V So that the study of the histology" 
of the rhizome, even if preceded (as it may well be) by a dissec- 
tion, and a naked-eye examination of some of the tissues, event- 
ually resolves itself into the careful microscopic study of the 
several kinds of cells composing those tissues. 

The mature parts of the rhizome contain at l east n ine very 
different kinds of ce lls,^ the characteristics and grouping of 
which are shown in the following table. In the apical bud s, 
however, this arrangem enf disappears, and all t he cells app ear 
clo sely similar. 
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MINUTE ANATOMY OF THE RHIZOME OF PTERIS AQUILINA, 



System. 



Tissues. 



Characteristics. 



L^ 



I. Epidermal 



1. Epidermis. 



Cells poljrgonal in cross-section, empty. Walls 
hard, thickened, especially towards the outside. 
(Fig. 49.) 



2, Fundamental 
l4>a/renchyma. 



Cells rounded or polygonal in cross-section, color- 
less. Thin-walled, containing protoplasm, nu- 
cleus and starch. Intercellular spaces present. 
(Fig. 52, /.p.) 



n. Funda- 
mental 



3. Sclerotic par- 
enchyma. 



Cells polygonal or semi-fusiform in section, nearly 
empty. No intercellular spaces. Walte hard 
and brown, thickeixed. (Fig. 49.) .- ' 



4. Sclerotic ^^o8- 
enchyma ior 
sderenchyma) 



Cells fusiform, empty. Walls thick, red. (Fi^.50.) 



5. Wood'paren 
chyma. 



Like the fundamental parenchyma, but with more 
elongated cells. (Figs. 5^, 53.) 



6. Phloem-paren- 
chyma, 



Precisely like 5, differing only in position. 



III. Fibro- 
vascular, 






7. Phloem-prosen- 
chyma^ or 
bast-fibres. 



Cells fusiform, rich in protoplasm, colorless. Walls 
thick, soft. (Figs. 52, 53.) 



8. Sieve-tubes. 



Having the ordinary characters (see preceding 
table). (Figs. 52-54.) 



9. Tracheids (Lad- 
der-cells). 



Pits transversely elongated (scalariform). (Figs. 
52-53.) 



/ 



10, Tra^hecB or ves- 
sels (spiral). 



Very slender, with one or two internal spiral thick- 
enings. (Fig. 52.) 



Besides the above-mentioned tissues, the rhizome contains 
certain other secondary varieties which will be described further 
on. 

Epidermal System. Epidermis. It is the function of the 
epidermis (aided in this case by the underlying sclerotic paren- 
chyma) to pro tect the inner tissues from contact with the soil 
a nd to ffliard against desiccation of the rh izome during droughts. 
The cells (Fig. 49) are dead and empty, witli enormous^Tihick , 
hard walls perforated by numerous branching canals . The outer 
wall is especiaily thick. ~~ 

Fundamental System. The tissues of this system form the 
main body of the plant, and in the fern have two widely differ- 



Digitized by 



Google 



118 THE BIOLOGY OF A PLANT. 



ep. 



8.Jh 



Fio. 40.— Section showing the epidermis (ep) and the underlying sclerotic paren« 
chyma (8.p) of the rhizome of PUria aquQina, Canals, sometimes branching, are 
eyerywhere seen. These served to keep the once-living cells in material oon« 
nection. 



Fig. 50.— Cross-section of sclerotic prosenchyma of the rhizome of Pteris aquMnou 
The enormously thickened walls consist of three layers, are perforated by canals, 
and are lignifled or turned into wood. 
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ent functions. Y)oi Q fvmd(mi£nt(d pa/tencKyrria is a kind of sto re* 
house in which matter and energy are stored — mainly in the 
form of starch, C.H,»0> — an d in which active chemical changes 
take place. The cells are thin- walled and soft , and are rather 
loosely joined together, leaving numerous intercellular space s 
(Figs. 52, 53). They contain protoplasm and a nucle us, and 
very numerous rounded grains of starch. This starch is stored 
up by the plant during the summer as a reserve supply of food 
— ^just as hibernating animals store up fat in their bodies for use 
during the winter. Accordingly, starch increases in quantity 
during the summer and decreases iniHe spring when the plant 
resumes its growth, before the leaves are unfolded. The paren ^ 
chyma probably has also the function of conducting various sub- 
stances (especially dissolved sugar ) through the plant by diffus ion 
from celFto cell. 

The sclerotic parenchyma and sclerotic prosenchyma (F igs. 49, 50) are 
dead, a nd hence play a passive part in the adult vegetal economy. The 
former co-operates with the epidermis ; the 
latter probably serves in part to support th e 

soft tiss ues, and to some extent affords a * 

channel for the conveyance of the sap. The 
sip, however, aoes not now through the 
cavities, but passes slowly along the sub- 
stance of the porous wal ls. The cells of 
both these sclerotic tissues have ver y thick, 
hard, brown wall s, perforated here and 
there by narrow canals. The cells of the 
parenchym a are prismatic or po lyhedral ; 
Those of the prose nchyma elongated , and 
pointM at their ends. In both, the proto- 
plasnT anHliuclei disappear when the c ells 
are fully formed. Towards the apical buds 
both fad^ Itilo ordinaryTuh^mental paren-* 
chvma. 

Fibro-vascular System. The fibro- 
vascular hundles (p. 115) are long fiq. 51. (After sachs.)-yiew of 
strands or bands of tissue which ap- *^® rhizome, which is supposed 

^ to be transparent so as to show 
pear in cross-section as isolated spots the network of the upper flbro- 
(Fig. 48). The bundle s are not vascular bundles, l, a leaf. 

really isolated, however, but j oin one another her e and there, 
forming an open network (Fig. 51), which can only be seen in a 
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lateral view of the rhizome. T^vom this network bundl es are 
given off which extend on the one hand into the roots an d on 
th e other into the leaves, branching in the latter to form the 
complicated system of veins to be described her eafter (p. 129). 

E ach bundle consists of a number of different tissues which, 
broadly speaking, have the function of conducting Hap frnni one 
part of the plant to another. 



^IG. 52.— Highly magrnifled cross-section of a flbro-vascular bundle snrround^d by 
the fundamental parenchyma, /.p. t, scalariform tracheids ; 5.8, bundle-sheath ; 
j).8, phlo6m-sheath ; b./, bast-fibres ; 8.t, sieve-tubes ; p,p^ phlo6m-parenchyma ; 
te?.p, wood (xylem) parenchyma ; 8.v, spiral vessel. 

These tissues have the following definite arrangement. Beginning with 
the outside of a bundle, we find.(Figs. 52, 53) — 

1. Bundle-sheath; a single layer of elongated cells e nveloping t he 
bundle, probably derived from and belonging to the fund amental system. 

^.'^F hloem'sheatfi ; a single layer of larger parenchymatous cells con- 
taining starch in large quantities. 

3. Bast-fibres ; soft^ thick- wa lled, elo ngated^ pointed celli^ c ontaining 
protoplasm and large nuclei. 

4. Sieve-ttthes ; larger, soft, thin-walled^ elongated cells containing 
protoplasm and having the walls marked by areas perforated by numerous 
fine pores (panelled). Thej join at the ends by oblique panelled partitions 
(shown in Figs. 52 and 53). 
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^ .Phloem-parenchyma; ordinary parenchymatous cells filled with 
starch, scatt ered here and there among the bast-fibres and sieve-tubes. 

6. Tracheids jscalariform) or ** ladder-cells" ; occupying most of the 
central part of the bundl e. Their structure calls for some remark. They 
are empty or air-filled fusiform tube s, whose hard, thick walls are in the 
ypung tissue sculptured with great regularity into a series of trans verse 
hollows or pits, which finally become actual holes. The walls of the 
tracheid are therefore continuous at the angles, but al ong their plane sur- 



FiG. 53.— Longitudinal section of a flbro-vascular bundle, surrounded by the fun- 
damental parenchyma, b./, bast-flbres; Z).8, bundle-sheath; /.p, fundamental 
parenchma ; p.p^ phloBm-parenchyma ; p.8, phloSm-sheath ; 8.U sieve-tubes ; t, 
scalariform tracheids or ladder-cells ; w.p^ wood-parenchyma. 

fa ces become converted into a serie s of parallel bars, making a gra ting of 
sin gular beauty . The sl its be tween_theJbaX3 are not rectangular passages 
through the wall, but are ra^her^e el^n^atedj^flatte fu nnels^ openin g 
outwards. The sides of the funnels are called the borde rs of the vit s: and 
pits of this sort are called horderedscalarifo rm pits (cf. Fig. 53), 

7. TrachecB or vessels {spiral) \ scattered here and there among the 
tracheids, and hardly distinguisha ble from them in cro ss-section. They 
are continuous elongated tubes filled with air, and strengthened by a beau- 
tiful close spiral ridge (sometim es double)' which runs round the i nner face 
of the wal l (Fig. 52). 

The tracheids andj^essels are of great physiological importance^ being 
probably the m ain channels for the flow of sa p. Sap is water holding 
various substances Jn solution^ The water enters by THeroots, flows prin- 
cipally through the walls of the vessels and tra^cheids, and not through 
their cdvUies^wtiicti areflllea witti air^ and is thus^onducfed" through the 
rhizome and upwards into the leaves. 

8. Wood-parenchym a ; cells like those of the phloem-parenchyma (5) 
scattered between the vessels and traclTe[crs.' 
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Branches of the Ehizome These repeat in all respects the 
structure of the main stem. They are equivalent members of 
the underground part, and diflEer in no wise, excepting in their 
origin, from the main stem itself. 

Boots. The roots may easily be recognized by their small 
size and tapering :^orm , and their l ack of the lateral ridges o f the 

B. 
A. 



Fig. 54. (After De Bary.)— Sieve-tubes from the rhizome of Pteri» aquUina^ show- 
ing : A, the end of a member of a sieve-tube ; B, part of a thin longitudinal sec- 
tion. The section has approximately halved two sieve-tubes, S* and S* , which are 
so drawn that the uninjured side lies behind. The broad posterior surface of S' 
is seen covered with sieve-plates connecting with another sieve-tube. S^ on the 
contrary, abuts by a smooth non-plated surface upon parenchymatous cells 
which are seen through it. w, sections of walls bearing sieve-pits ; x, section of 
a non-plated wall abutting upon parenchyma. 

stem and branches. They arise endogenously from the m ain 
stem or its branches, i.e., by an o utgrowth of the internal tissues , 
and not (as in the case of th e false root s or rhizoids ofjhejpro^ 
thallium , shortly to be described ) by elonga tion of superficial 
cells of the epidermk. True roots, of which those of Pteris are 
good examples, arise always as well from the fundamental and 
fibro-vascnlar r egions^ and include all the systems found in the 
st em itself. Hence cross-sections of Pteris roots differ but 
slightly from those of the^ stem or the^branches, and the root in 
geheraFis clearly a member of the plant body. As in all true 
roots, the free end is covered by a special boring tip called the 
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TOot'Ca/p^ b ut this is apt to be lost in removing the specimen 
from the earth. 

The Embryonic Tissue or Meristem of the Bhizome. The 
mature r hizome remains a t th e tip nearly undifferentiate d into 
tissues. At this point the epidennis may be distinguished, but 
it remains very delicate, and the underlying cells continue to 
grow and multiply, producing continued elongation of the mass. 
In this way the apical bud is formed. Lateral buds are given 
off right and left to constitute the embryos of leaves, branches, 
or roots, which, always retaining their soft and delicate tips, are 
capable of further growth. 

Behind these ^ ^ growing point s'' the epidermis and other 
tissues grow more and more slowly, and soon reach their maxi- 
mum size, whereupon rapid growth ceases. The power o f 
growth is henceforward mainly confined to the apical bud s, and 
the growing tissue of which they are composed is known as em - 
hryonic {issue or meristem. 

The Apical Cell of the Ehizome. Close examination reveals 
the fact that each apical bud contains a remarkable cell which is 
especially concerned in the function of growth, viz. , the ajpicoL 
cell^ which lies in a hollow at the apex of the bud . In the 
apical buds of the rhizome or branches this cell has somewhat the 



a,c. 



Fio. 55a. (After Hofmeister.)— Apical ceU Fig. 55b. (After Hofmeister.)— 

of the rhizome in a vertical longitudinal Apical cell of the rhizome in hori- 

section, ax^ apical cell ; /i, hair ; m, meri- zontal longitudinal section. a,c^ 

stem. apical cell. 

form of a wedge with its base turne d forw ards and its thin edge 
backwards, the latter placed at right angled to a plane passing 
through the lateral ridges. It continually increases in size, but 
as it grows repeatedly divides so as to cut off ceUs later ally 
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alternately on its right and left sides. These cells in turn con- 
tinue to grow and divide, and thus give rise to two similar masses 
of meristem, which together constitute the apical bud. From 
the meristem by gradual, though rapid, changes the various tis- 
sues of the adult rhizome are differentiated; and longitudinal 
sections passing through the lateral ridges show the mature 
tissues fading out in a region of indifferent meristem about the 
apical cell (Fig. 55b). 

The apical cell lies at the bottom of a funnel-shaped depression at th e 
tip of the stem . It is shaped approximately like a thin, two-edged wedge 
with an arched or curved base turned forwards towards the centre of the 
funnel-shaped depression. The thin edge of the wedge is directed back- 
wards, and its sides, which are also curved, meet in a vertical plane above 
and below. A longitudinal^ section taken through the plane of the lateral 



r. 



Pig. 56. (After Sachs.)— A vertical transverse section through the apicdl ceXL, a,c^ 
showing a boundary of hairs and a second apical cell, I, belonging to a leaf. 

ridges therefore shows the apical cell in a triangular fo rm as in Fig. 55b. 
A section taken at right angles to this — i.e., v ertical and longitudina l — 
shows the cell to be approximately rectangular and quadrilatera l (Fig. 
55a), while a transverse vertical section shows it in the form of a bi-convex 
lens (Fig. 56). 

The funnel-shaped depre ss ion is compressed vertically , and its walls are 
thickly covered with erect bra nching hairs, which are closely fastened 




Fig. 67.— Cross-section of an entire fertile leaflet. m.r^ midrib; u, veins; ep, epi- 
dermis ; m«, mesophyll ; 8p, sporangia ; in^ indusium. 

together by a h ardene d mucilage secreted by the apical bud. These hairs 
entirely close the mouth of the funnel and sjiut off the delicate young 
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pprtions at its base from the outer world. Protected by these hairs, the 
end of the stem forces its way througn tne toughest qlay without injury to 
the delicate Dua Duriea m its apex. (^Hoimeister.; 



Fig. 58.— Cross-section, still more enlarged, passing through the midrib of a leaflet. 
In the centre the circular flbro-vascular bundle, supported, especially above and 
below, by thickened prosenchyma ( p). On either side the parenchymatous, mes- 
ophyll cells (shaded) and the intercellular spaces {Us) opening by stomata (st); 
epidermis (ep). 

The Aerial Part of the Brake. The Frond or Leaf. 

The external form of the leaf has been described on p. 109, 
and it now remains to consider its internal structure. The 
lamina is to be regard ed as a flattened and altered portion of the 
stipe, made thin and delicate in order to present a large surface 
to the light and the air . The stipe, in turn, is a prolong ation 
of the rhi zome, so that the whole plant body is a continuous 
mass, throughout which extend the three systems of tissue vir^~ 
tuaily unciianged. Tiie transverse and longitudinal sections of 
the stipe show o nly minor points of difference from correspond- 
ing sections of the rhizome. In the leaf, however, all three 
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gystems undergo great changes. The epidermis becomes ver y 
thin, delicate, and transparent; the fibro- vascular bundles brea k 
up into an extremely line^d complex network forming the 



Fig. 50.— Cross-section of part of a leaflet showing the microscopic stractnre. ep, 
epidermis ; st, stomata ; i.8, intercellular spaces between the mesophyll-cells, 
which are filled, with (shaded) chlorophyll-bodies lying in the protoplasm. 

"veins : the sclerotic tissues become transparent and are fo und 
only along the veins. The c ells of the fundamental parenchym a 
alter their form, lose their starch, and become filled with bright- 
green, rounded bodies, called the chromatophores or chlorcfphyU- 
b odies^ wh ich are composed of a protoplasmic basis colored by a 
pigment known as chlorop hyll. The green fundamental pa ren- 
<?hyma of the l eaf is s omet imes called t he mesophyll. 

A cross-section of a leaflet (p. 109) is shown in Fig. 57. 

The finer structure of the leafiet is shown in Figs. 58 and 69. 

On the outside is the epidermis (ep) ; within, the mesophyll and 

^inidrib — the latter co mposed of thicke ned epidermal ^nd^sclerotic 

fundamental tissue, and a large fibro-vascular bundle. 

The mesophyll^ or leaf^parenchyma, consists of irregular cells 
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which are loosely arranged on the lower side, leaving very large 
intercellular spaces, but are closely packed ^ and leave few or no 
intercellular spaces, on the upper (sunny) side. The cells have 
very thin walls, contain protoplasm and a large central space 



Pig. 60.— Epidermis from the under side of a leaflet, showing wavy ceUs ; elongated 
(prosenchy^matotis) cells over the veins ; and stomata with their guard-cells, st, 
stomata and guard-cells ; v, veins covered by thick and prosenchymatous epi- 
dermal cells. Intermediate stages between wavy and straight cells are also 
shown. (Surface view.) 

(vacuole) filled with sap, and numerous chlorophyll-bodies im- 
bedded in the protoplasm. These are especTally numerous iu 
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the upper part of the leaf, as might be expected from theii 
functions in connection with the action of Kght (see page 147). 

J%e epidermis ^ or sTcin of the leaf, consists of translucen t, 
greatly flattened cells having peculiar wavy outlines and rela- 

tively thick wall s (l* igs. 58-61). Upon 
the v eins they become elong ated, and 
their walls are considerably t hickened, 
especially upon the midrib (Fig. 58, 
They generally contain large, distinct 
nuclei, and often c onsiderable proto" 
plasm. The wavy epidermal cells, 
particularly in young plants, contain 
some chlorophyll and starch, though 
in this respect the fern is somewhat 
exceptional. ^ ' '"' 

In the rhizome the epidermis forms 
a continuous layer over the whole sur- 
face. In the leaf, however, this is not 
dermal ceus of Pferfe /tobei- ^^^ ^^ ^^^ epidermis ou the lowcr 

VaJtOH, showing the develc^ment ' ^ 

of stomata. A, very young side being perforated by holes lead ing 
^:rTce::nuiai^euTmi! ipto the interior and known as mouths 
mother-ceU; s.c, sudsidiary or stomata (Singular, Stoma) (Fig. t>l ). 

cell ;g.c,guard-ceU;8(, stoma. Tfjr r— , , . • . xt_ n 

These holes do not pass into the ceUs, 
but are gaps or breaks between certain cells of the epidermis, 
and open directly into the intercel lular spacg83_of which they are, 
in fact, the ends. That portion of the intercellular labyrinth 
which directly underlies the stoma is sometimes called the respira- 
tory cavity. Each stoma is bounded, as in most plants, by two 
curving guard-cells^ which are generally nucleated, and, unlike 
epidermal cells gene rally, contain abundant chlorophyll-bodies 
and starch. 

The guard-c ells are capable of changing thei r form accord- 
ing t o the amount of lig ht, the hygroscopic state of the atmos- 
phere, and other circumstances, and thus operToF close' the hole 
or stoma between them. This action is of great importance in 
the physiology of the plant (transpiration, p. 147). 

In Pteris cretica and P. flahellata the stomata develop as follows : A 
young epidermal cell ^sjil^jed bg_a^urv ed pa rtition into^ two cells, one of 
"which (Fig. 61) is call ed t\iQ iniiial ceW of the stoma (i.c). This is again 
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divided by a curved partition into the mother-cell of the stoma (F ig. 61, 
m,c) and a subsidiary cell (Fig. 61, s.c). 

The mother-cell is then bisected into the two guard-cells y and the stoma 
appeal's as a chink between them (Fig. 61, B). 

The veins are the fibres or threads which constitute the 
framework of the leaf. Each consists, essentially, of a small 
fibro-vascular bundle branching from that of the midrib (Figs. 
57, 58, 62). Above and below them the mesophyll and epi» 



derjnal cells aregen erally thicke ned and pros enchjgjaatous, in this 
way contributing alike to the form and the function of the 



*' vein.'' 



Fio. 62. (After Luerssen.)— Venation of a leaflet of Pteris aquUincu 

Their arrangement (veining or venation) is definite, and depends on the 
mode of branching of the fibro-vascular strand which constitutes the prin- 
cipal part of the midrib. Secondary strands (nerves) proceed from this at 
an acute an gle, then turn somewhat abruptly towards the edge of t he 
leaflet (or lobe), making an arch which is convex towards the distal ex- 
tremity of the midrib (Fig. 62). 

From this point, after branching oncft or twic a^ the delicate veins run 
parallel to each other to the edge of the leafle t, where they join one another 
or anastomose. This form of venation is known as Neiixitio Neuropteri- 
diSy and is more easily seen in the leaf of Osmunda regalis (cf. Liwrssen, 
RcibmhorsVs Kryptogamen-Flora (1884), III., s. 12). 
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CHAPTEK IX. 
THE BIOLOGY OF A PLANT {Continued). 

BeproducUoxi and Development of the Brake or Fern. 

Beprodttction. TJidike the earthworm, the fern reproduces 
both by ga/mogenesis (sexually) and agamogenesis (asexually). 
Pteris possesses two modes of asexual reproduction , viz., the 
detachment of entire branches from the rhizom e and the con- 
fiequent establishment of independent plants, as already men- 
tioned (p. Ill), and the formation of '' adventitious bud s " from 
the bases of the leaf-stalks (Fig. 46). But besides these the 
fern has a quite different method of reproduction, in which a 
pro cess of agamogenesis regularly alternates with gamogene sis 
{alternation of generations). The following brief outline of 
this important process may help to guide the student through 
the subsequent detailed descriptions. 

Upon some of the leaves are formed organs called sp orangia 
(Figs. 57, 63, 64), which produce numerous reproductive cel ls 
called spores . The spores become detached from the paren t and 
develop into independent plants, the prothallia ( Fig. 70), which 
differ entirely in appearance from the f ern and ultimately pro- 
duce male and female germ-c ells. The female cell of the pro- 
thallium, if fertilized by a male cell, d evelops into an ordinary 
^ ^fern,'' which again produces spores asexually . The forma- 
tion and development of the spores is evidently a process of 
agamogenesis^ and the fern proper is therefore neither male nor 
female — ^i.e., it is sexless or asexual. The formation and de- 
velopment of the germ-cells, on the contrary, is a process of 
gamogenesis; and the prothallium is a distinct sexual pla nt, 
being both male and female {hermaphrodite or hisexuaT) . In 
general terms this is expressed by calling the ordinary fern the 
spore-bearer, or sporophore^ and the pro thalliu m the egg- 
bearer, or oophore. The life-history of the fern, broadly 
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speaking, consists therefore in an alternation of the sporqphore 
(asexual generation) with the oop/iore (sexual generation) ; that 
is, it consists of an alternation of _ #•. 

generations. An essentially similar 
alternation of sporophore with oophore 
occurs in all higher plants, though in 
most cases it is so disguised ajs to es- 
cape ordinary observation. 

The Sporangia and Spores. The 
sporangia of jPteris (Figs. 63, 64) , 
arise upon a longitudinal thickening 
of tissue situated on the under side of ~ 
the leaflets near their edges , and in- 
cluding a marginal anastomosis of the 
veins. This swelling is known as 
the receptacle. Hairs are not uncom- Fjo. 68. (After saminBki.)-spo- 

Tr" s — ^— -J /• i -I 1 i? rangium of Pii'jrii ^erniloia. p, 

mon upon the under side OI the leai, pedicel; c, capsule; a, annulus; 

and some are found upon ornearthe *• ^p*'"'®- 
receptacl e. On the latter arise structu res, at first superfi cially 
similar to ha irs, which become enlarged at the t ip, and finally 
develop into the sporangia . Meanwhile the edge of the leafl et 
is bent down and under so as to make a longitudinal band of 
fEm lissue composed~of epidermis "known as the outer veil or 
indusium , (Fig. 64, o.i). A similar tliin sheet of epidermi s 
grows down from the under side of the leaf, and p assing out- 
wards to meet the former, constitute s the innefr veil or true 
indusium (Fig. 64, B^ i.i). 

In the Y-shaped space thus formed the sporangia are de* 
veloped. 

A superficial (epidermal) cell enlarges and becomes divided into a 
proximal (basal) cell and a dis tal (apical) cell (Fig. 65, a). The former de- 
velops into the i\xi\xvQ pedicel or stalk of the s porangi um ; the I^ter gives 
rise to the head or capsule within which the spores are formed (cf. Fig. 63). 
The pedicel arises from the original pedicel-cell by continued growth and 
subdivision until it consists of three rows of cells somewhat_elongated. 
The rounded caps ule-cell is next transformed~by four su ccessive oblique _ 
divisions into four plan o-convex ^^ parie tal cells ^* and a tetrahedral centr al 
cell, the archesporium^ enclosed by the others. The capsule-cell is thus 
divided byHir ee rplahes" inclined at about J20^ (Fig. 65, 6, c). A fourth 
(Fig. 65, d, e) passes nearly parallel to the top of the capsule and cuts off 
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from it the central cell or archesporium. In the parietal cells further 
divisions follow, perpenaicuiar to tne surface, while the arcnespormm gives 
rise to four intermediate or tapetal cells, parallel to the original parietal 
group (Fig. 65, g), Tne sporangium now consists of a central tetrahe dral 
archesporium bounded by four tapetal cells, which in turn are enclosed b y 
the parietal cells, at this time rapidly multiplying by divisions perpen - 
dicular to the exterio r. Owing to the peculiar position of the pla noo of 



Lt. 



o.i. 



Fig. 64. (From Luerssen, after Burck.)— Indusia and receptacle of 'Pte,T\» aquilina; 
B (diagrammatic), seen from below ; A^ in the section of the edge of a leaflet, o.i, 
outer (false) indusium; i.i^ inner (true) indusium; r, receptacle; 8, young 
sporangia. 

division the whole capsule is now somewhat flattened, and it becomes still 
more so by the formation along the edge of a peculiar structure called th e 
ring or annultis, whose function is the rupturing of the capsule and the 
liberation of the spores. The annulus is formed by a number of pa rallel 
transverse partitions (Fig. 65,/, h, i,J), which subdivide the peripher al 
cells o f one edge of the capsule until a certaiji number j)fcdls_haveb^ 
formed. These then project upon the capsule (Fig. 65, J) and form an in- 
complete ringTFIgr^,"^). ' 



Meanwhile the tape tal cells somet imes subdivide so as to form a double 
row (Fig. 65, h), and soon afterwards are absorbed, space being thus left 
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an 




an 



an. 





Fig. 65. (After Luerssen.)— Development of the sporangia of AsfpiMum FUix mas^ 
which is closely similar to that of Pteiis. a, the young sporangium standing 
upon the epidermis-cell from which it has just been divided ; x, the proximal 
cell cut off from the sporangium to form the pedicel and support the capsule; 
a, 1, the first partition in the capsule; b, 1 and 2, the first and second partitions; 
c, 1, 2, 4, the first, second, and fourth partitions ; d and e are cross-sections of the 
capsule showing the oblique position of the partitions, and especially that of the 
third ; /, a later stage ; g, the origin of the tapetal cells and the formation of the 
archesporium ; Ti, division of the tapetal cells and the formation of the spore 
mother-cells ; I, four spores as they originate in the spore mother-cells ; i, i, ^ 
the annulus and ripe sporangium, in surface view ; p, peripheral cells ; ar^ 
archesporium ; t, tapetal cells ; an^ annulus. 
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for the growth and enlargement of the archespo rium. The latter now 
divides— first into 2, then into 4, 8, and finally 16 cells, the momei^'Ced s 
of the spores. These remain for a time closely united, but eventually 
separate and again subdivide, each into 4 daughter-cells ( Fig. 65, I). The 
64 cells thus formed are the asexual spores. In their mature state the y 
have a tetrahedral form and certain external markings, indicated in Figs. 
63, 66. Each spore acquires a double membrane, viz., an inner, «nc^ 
s porium^ delicate and white, and an outer, exosporium, yeliowisti prow nT" 
hard, and sculptured over the surface with very close and fine, but 
irregular, warty excrescenc es. 

Oermination of the Spores. Development of the Prothallinm. 
In the brake the spores ripen in July or August and are set 
free by rupture of the sporangium un der 
the strain exerted by the elastic an nulus , as 
indicated in Fig. 63. (Termination oi the 
spores normally occurs only after a considera- 
ble period (perhaps not before the following 
spring) ; it begins by a rupture of the exospo - 





Fig. W. (After Fio. 67. (After Sumlnski.)— Germinat- Fio. 68. ^After Sumin- 



Suminski.) — 
Single spore of 
Pteris BerruXa" 
ta. 



ing spores of PterU semUata, A^ in an 
early stage ; B, after the appearance 
of one transverse partition ; 8, spore ; 
p, protonema ; r, rhizoid. 



ski.)— Very young pro- 
thallium of Pteris, 
showing the spore (8)» 
two rhizoids (r), and 
the enlarging extrem- 
ity. 

rium which i s probably immediately due to an imbibition ol 
•water. The spore bursts irr egularly aloDg~the borders ofnthe 
pyramidal surface s, and from the opening thus formed tlieendo* 
sporium protrudes as a papilla filled with protoplasm in which 
numerous chlorophyll-bodies soon appear. 

This papil la is known as the proton ema^ or first portion of 
the protha llium (F ig. 6Y). It develops very quickly into a stout 
cylindrical protrusion divided into cells joined end to end. 
Clos e to the" sporeHpne or more rh izoid s are put down from the 
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growing protouema to serve as anchors and roots. At the oppo- 
site or distal end longitudinal partitions soon ap pear (Fig. 68), 
which speedily convert this portion into a broad flat plate a t 
first only one cell thick, but eventuall y several cells t hick al ong 
t he median line. This thickening is the so-called ^^ cushio n " 
(see Fig. 70). The whole prothallium is now somewhat spatulate 
(Fig. 69), but by further growth anteriorly, by an apical cell or 
otherwise, the wider end becomes 
still more flattened and heart - 
shape d or even kidney-shape d. 
Numerous rhizoids (so-called be- 
cause they are not morphologi- 
cally true roots) are put down , 
and the whole structure assum es 
approximately the appearance in- 
dicated in Fig. 70 . The spore- 
memb ranes and protohema s oon 
fall away , and the prothallium 
enters upon an independent exist- 
ence, being roo ted by its rhizoids 
and having an abundance of 
chlorophyl l. In the broad thin 
plate of tissue no subdivision into 
stem and leaf exists, and the 
plant body closely resembles the 
''thallus" of one of the lowest 
plants. Since it is the precursor 

of thp ordinarv ^'fprn " it is ^^^'^' (After Suminski.) -Older pro. 
oi me oramary lern, it is thaiuum, shoeing two rhizoids, three 

called the ''j?r(?^AaZZt^5 " or ''jpro- young antherldla, and numerous 
thMium:' ohlorophyll-bodies. 

The cushion forms a prominence on the lower sid e ; upon 
its_posterior part most of the rhizoids are borne. 

Sexual Organs of the Prothallium. The prothallia of ferns 
are as a rule bisexual or hermaphrodite; that is, each individual 
possesses both male and female organs. But the latter appear 
somewhat later than the former, and poorly nourished prothallia 
often bear only male organs, though they will frequently develop 
female, organs also if placed in better circumstances. 

The Antheridia^ or male organs, a re hemisph ericaL promi* 
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nences o ccurring upon the posterior par t and the under side of 
the prothallium, often among the rhizoids. "When fully formed 
(Figs. 70, 71) an antheridium consists of a mass of rounded cells 
(spermatozoid mother-c ells) enveloped by a membrane one cell 
in thickness. 



I Fig. 70. (After Surainski, slightly modified.) —Adult prothalliura of Pteris serrulata 
seen from below, showing the rhizoids (r) at the posterior end, the depression at 
the anterior end ; the cushion near the latter bearing (in this case) four arche- 
gonia. Among the rhizoids are the (spherical) antheridia. The chlorophyll- 

; bodies only are shown in the cells of the broad plate of tissue constituting the 
prothallium. Just above the anterior depression is seen a prothallium of the 
natural size. 




Fig. 71. (After Strasburger.)— Mature an- 
theridium of Pterin serrulata. p, periphe- 
ral cells; m, mother-ceUs of the sper- 
matozoids. 



Fig. 72.— Diagram to illustrate the ori- 
gin of an antheridium. A^ very 
young stage; B, older; a, original 
epidermal ceU enlarged ; 2), mother- 
cell of the entire antheridium. 
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The mode of origin of the mother-cell s differs considerably in different 
ferns, but in all cases is essentially as follows : An ordinary cell on the 
lower side of the prothallium swells an d forms a hemispherical or dome- 
shaped projection, which is soon separated by a partition from the origiriaT 
cell (Fig. 72). Further divisions then follow in the dome-shaped cell such 
that a central cell is left, surrounded by a 
layer of peripheral cells (Fig. 73). By re- 
peated divisions the central cell splits up 
into the spermatogoid mother-cel ls (Fig. 71). 

Within each mother-cell the proto- 
plasm arrang^es itself iA a pecu liar 
spiral body, the spermatozoid^ whic h 
is the male germ-cell. 

When the mature antheridium is 
moistened, the peripheral cells swell 
and thus p ress out the mother-cells 
and spermatozoids (Fig. 74). The 
latter escape fr om the mother-cells and swim about very activel y 
in the water. They appear as naked single cell s, of a peculiar 




Fig. 73. (After Hofmeister.)— 
Later stage in the development 
of an antheridium of Pteris spr- 
rulata. p, peripheral cell; 'c, 
central cell from which the 
spermatozoid mother -cells 
arise. 



corkscre w shape, and b ear upon the finer spirals nu merous ex- 

tremely active ciha TipT 81')," by 
which they are driven swiftly 
throufi^h tlie water. 

The Archegonia^ or female 




Fio. 74. (After Luerssen.)— Bursting of 
the antheridium and escape of the 
spermatozoids. an, antheridium ; w.c, 
spermatozoid mother-cells; sp, sper- 
matozoids. 



Fio. 75. (After Strasburger.)— Mature 
archegonium, showing the oSsphere 
(o), the neck (n), and mucus (w) is- 
suing from the mouth of the canaL 
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organs (Figs. 70, 75), described for the first time by Suminski 
in 1864, likewise arise from single superficial cells of the pro- 
thallium. They are situated almost exclusively upon the cushion 
near its anterior or apical extremity, and hence at the bottom of 
the anterior depression (Fig. 70). Since they appear later than 
the antheridia, they are not hkelv to be fertilized by sperma to- 
zoids descended from the same sp ore. This phenomenon of 
maturation of one set of sexual organs of a bisexual individu al 
before the ripening of the other set is a common feature among 
plants, and^is known as diGJiogamy . There is reason to believe 
that important advantages are gained by thus securing cross-fer- 
tilization and preventing self-fertilization or ''breeding in and 



In the development of the archegonium the original cell enlarge s, be- 
comes somewhat dome-sha ped, and divides by transverse partitions into 
three cells : a proximal, im- 

bedded in the tissue of the O 

prothallium, a middle, and a 
distal dome-shap ed cell (Fig. 
76). The fate of the proximal , 

cell is unimportant. The dis- p 
tal cell gives rise by division 
to a chimney-like structure, 
the neek (Flg^. 75, VV), which 



n. 




-cC^:^^ 



^-^ A. 

Fig. 76.— Diagram to iUustrate 
the origin ot an archegonium. 
A^ an early stage; JB, a later 
stage; -4, a, the original epi- 
dermal ceU enlarged ; B, a, the Fio. 77. (After Strasburger.)— Developing arche- 
basal ceU ; b, the central or gonia of Pteris serrulata. A, young stage ; B, 
canal cell ; c, the neck-cell. older ; n* neck ; c, canal ; o, odsphere. 

en closes a row of cells (ca nal-cells) derived from the original middle cell 
(Figs. 75, 77). These afterwarSr^ecomF^ 

substance filling a canal leading through the neck from the outside to the 
odsphere (Fig. 7 7), which'also aris esl rom th e Original "^^ig9Ie^""cefl atTtF" 
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proximal end. The o5sphere ia the all-important /eyyiaZe germ -cell to which 
the ** neck-" and ** canal-cells" are merely accessory. 

Fertilization or Impregnation. Fertilization, or the sexual 
act, is performed as follows : Sper- ^ 

matozoids in vast numbers are at* 
tracted to the mouths of the arche* 
gonia and there become entangled 



i n the mucilag e (Fig. 78). In 
favorable cases one or more work 
their way down the mucilaginous 
canal, and at length one penetrates 
and fuses mth the oosplie re^ 

It is known that oiy&^spermatozoid i s 

enough to fertilize the oosphere, and _, „^ ,^77 «* v, 

y\^ , TTt- \^ ' Fio. 78. (After Strasburger.)— 

prooaoiy one omy penetrates it ; but sev- Mouth of an archegonium of Pfe- 

eral are often seen in the mucilaginous ris semtiatcL, crowded with sper- 

canal. It has been shown that the muci- f^tozoids striving to effect an en. 

trance 

lage contains a small amount (about 0.3^) 

of malic acid, which probably acts both as a n attraction to the spe rmato« 
z oids and as a stimulus to their movements. Pfeffer has proved that 
capillary tubes containing a trace of a malate in solution are as attracti ve 
tojbhe sper matozoids as is the mucilage in the central can al, and phe- 
nomena of this kin d (cliemiotaxis) have recently been shown to be common 
and highly important. 

The entrance of the spermatozoid into the ovum and its 
fusion with if- mark an important epoch in the life-history of the 
fern. The oosphere is from this instant a new and very differ- 
ent thing, viz. , an embryo^ and is known as the oospore. It is 
l oQW the first stage of ~tEe asexual generatio n, though it is still 
maintained for some time at the expense of the sexual generation 
or oophore (p. 130). 

Growth of the Embryo. The oospore, or one-celled embryonic 
sporophore (p. 130), now rapidly becomes multicellular by di- 
viding first into hemispheres, the n into quadrant s, etc. (Fig. 80 ; 
compare Fig. 14). The first plane of division is approximately 
a prolongation of the long axis of the archegonium (Fig. 80). 
The second is nearly at right angles to it, so that the quadrants 
may be described as anterior and posterior to the first plane. 
The fate of the quadrant-cells is of special importance. The 
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lower anterior quadrant a s it undergoes further division grows 
out into \hQ first root^ the upper anterior quadrant in like man- 
n er gives rise to the rhizorae and the^^^ l eaf. "The mass of 
cells derived from the two posterior quadrants remains connected 
w ith the prothallium as an organ for the absorption of nutr i- 
ment from the latter, and is inappropriately called the foot. 



etn* 





®©® 



B. 



D. 



Fig. 79. Fio. 80. 

Fig. 79. (After Hofmeister,)— Development of the embryo. A^ section showing the 
closed neck (w) and the planes of quadrant division of the oospore or embryo (em). 
The fore end of the prothallium is to the right. B and C, stages of the embryo 
later than A, showing the beginnings of apical growth ; /, foot ; I, leaf ; r, root ; 
rTi, rhizome. 

Fig. 80. (From Luerssen, after Kienitz-Gerloff.)— Development of the embryo of 
Pteris serrvXata. The figures are optical sections taken vertically in the antero- 
posterior axis of the prothallium, passing through the long axis of the neck of 
the archegonium ; except C and D, which are taken at right angles to the others. 
A, a, and p are the anterior and posterior segments of the oospore after this has 
divided into hemispheres. The former (a) forms the stem, the latter (p) the root. 
F shows in a late stage the division of the quadrants, r going to form the root, 8 
the stem or rhizome, I the leaf, and / the foot ; r, I, and 8 soon take on apical 
growth as indicated in H and J. 

In Pteris serr ulata the development is slightly different. The lower 
anterior cell becomes the first leaf ; the upper anterior becomes the first 
portion of the rhizome, the l ower posterior b ecomes theprimary rbotTand 
the~uppe~r posterior remains as th e '•'•foot y * 

The several parts now enter upon rapid growth accompanied 
by c ontinued cell-multiplicatio n, until a stage is reached repre- 
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sented in C^ Fig. 79. A stage somewhat later than this, with 

its attachment to the prothallium, is shown in Fig. 81. After 

this the l ^f grows upwards into the air, the root downwards 

into the earth, and the young fern begins to shift for its elf. 

Eventually it reaches a condition shown in Figs. 82 and 83. 

The prothallium remains connected 

with the young fern for some time, 

and may readily be found in this 

condition attached to flower-pots in 

hot-houses, etc. But sooner or 

later it falls off, and the young fern 

enters upon a n entirely indepen dent 

existence. The appearance of the 

plant and the shape of the leaf do ^^^^ (After Hofmei8^r.)-Yonn? 

not always at first resemble those embryoof Pf cm' a^«f7ia, showing 

p J.^ J ij. J? xi • T its attachment to the prothaUium 

of the adult fern; growth is also bythefoot; l, leaf;/, foot ; n first 

more rapid at first, several leaves root. 
(7-12) being developed s uccessively in the first year ( p. 112). 
Differentiation of the Tissues. In the earliest stages the tiss ue 
is nearly or quite homogeneous, i.e., meristemic. But very 
early m development, as the leat turns upwards and the root 



Fig. 82. (After Sachs.)— Older embryo of maidenhalr-fem {Adiardum) attached to 
the prothaUium. Seen in section. I, leaf; r, first root; r/i, beginning of the- 
rhizome ; p, prothalUum ; rz^ rhizoids ; <ir, archegonia. 

downwards, changes take place, which lead directly to a differ- 
entiation into the three great systems of tissue — epidermal, fibro- 
vascular, and fundamen tal T he epidermal and fundamen tal 
sys tems take on almost at once the peculiarities wh ich have al- 
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ready been noted in the adult, p. 117. The fibro- vascular system 
of tissues is differentiated a little l ater. DifferenTag^i^h e t i a a ues 
of the three systems are, it is plain from their mode of origin 
that all are fundamentally of the same nature because of their 
descent from the same ancestral cell ; hence every cell in the 
plant partakes more or less completely of the nature of every 
other cell. The r esemblances are primary and fundamental, t he 

differences secondary and derived. 
^ And what is true of the fern in this 
respect is equally time of all other 
many-celled organisms. 

Coarse of the Fibro-vascolar Bundles. 

Certain features or the disposition and 
course of the fibro-vascular bundles in the 
•^ embryo and in the adult may conveniently 
be studied at this point. From the point 
of junction of the bundles of the first le af 
and first root (Figs. 79, 81, 82) is developed 
one central bundle traversing the youn g 
rhizome and sending branches into the new 
leaves and roots until 7-9 leaves have bee n 
formed . After this time the rhizom e 
Jorks, and the course of the fibro»vascular 
bundles in each fork is henceforwards c om* 
Fig. 83. (After Sach8.)-Yoiing ^^^^^ ^ j^^^^^j depression appears in 

maidenhair-fern {Admnium) &,t- ^ - J^ ££ j-j— 

tached tothe prothaUium,!;. I, the central bundle 01 each stem, rapidly 
leaf: 1, 2» the first and second ' increases in de pth, and soon divides th e 
^^*®* bundle into two, one upper and one low er, 

which are best recognized in old specimens (Fig. 48). When the forked 
shoots have reached a length of about three inches, thes e bundles send out 
at a small angle towards the perip h ery thinner, fork ed branches which 
goon unite again to form a network near the epiderm is. The uppermo st 
of these branches, which passes in the median line above the a xile bundles, 
_js usually somewhat more fully developed, and almost as broad as"tE'e lat - 
ter. This structure is generally retained in the mature rhizome (Fig. 
48, x). The n umber of peripheral bundle s may be as great as twelve in the 
<}ross-section. They an astomo se in the~vicinity of the place of insertion of 
«ach fronll ^ and thus form a hollow, cyllndrrcarneTwork, havrng~eloBgated 
meshes ; bur^o~connecirhgn5ranches between ^t^^ and_the two axile 
bundles are found anywhere in the rhiz ome. The latter follow an en- 
tirely isolated course within the creeping stem ; * branches f rom them 

* See, however, De Bary, Gomp, Anat, Phanerogams and Ferns, p. 295. 
Oxford, 1884. 
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enter the leaves, and it is only inside the leaf -stalk that these ramificatio ns 
are met by branches from the perip heral network. The bundles of the 
roots arise only from the p erip heral bun dles, but those of leav es, as already 
said, receive bra nches from both axillary and peripheral bundles^ Two 
thick brown plates {sclerotic prosenchpma) lie between the i nner a nd 
outer systems of bundles, and are only separated from one another at the 
sides by a narrowTand of parenchyma . They are often joined on o ne side 
or even on both, in the latter case forming a tube which separatS" the 
two systems of bundles. (Hofmeister.) " 

'X^^6gSLmy. Apoepory. In rare cas es, e.g., in Pteris crettca^ the ordi- 
. nary alternation of generations in the life-cycle of ferns is abbreviated by 
the omission of the sexual process, and the i mmediate vegetative outgro wth 
of the sporophore from the prothallium (apo gamy). In other cases there 
is an omission of the spore stage, and immediate vegeta tive developmen t 
of the oSphore from the ivouK yipospory), (cf. FarJow, Quart, Joum^ 
Mic.8cienc€y 1874; De Bary, Botan, Zeitung^ 1878; Druery, etc., Joum. 
Eoyal Mic. Soc.^ 1885, pp. 99 and 491.) 
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CHAPTER X. 

THE BIOLOGY OF A PLANT (^Continued). 

The Physiology of the Fern. 

The brake, like the earthworm, is a limited portion of organ* 
ized matter occupying a definite position in space and time. It 
is bounded on all sides by material particles, some of which may 
be living, but most of which are lifeless. The aerial portion is 
immersed in and pressed upon by an invisible fluid, the atmos- 
phere, while the underground portion is sunk in a denser 
medium, the earth, which likewise acts upon it. At the same 
time the fern reacts upon the air and the earth, maintaining 
during its life an equihbrium which is disturbed and finally gives 
way as the life of the plant draws to a close. 

The Fern and its Environment. Those portions of space, 
earth, and air which are nearest to the brake constitute its imme- 
diate environment. But in a wider and truer sense the environ- 
ment includes the whole universe outside the plant. To perceive 
the truth of this it is only necessary to observe how profoundly 
and directly the plant is affected by rays of light which travel to 
it from the sun over a distance of many millions of miles, or 
how extremely sensitive it is to tlie alternations of day and night 
or of summer and wdnter. The plant is fitted to make certain 
exchanges with its environment, drawing from it certain forms 
of matter and energy, and returning to it matter and energy in 
other forms. Its whole life is an unconscious struggle to wrest 
from the environment the means of subsistence ; death and decay 
mark its final and unconditional surrender. 

Adaptation of the Organism to its Environment. We can dis- 
tinguish in Pteris as clearly as in Lumbricus the adaptation of 
the organism to its environment. The aerial part of Pteris 
must be fitted to make exchangees with, and maintain its life in, 
the atmosphere, while the underground part must be similarly 
' ' ad apted " to the soil in which it lives. 

144 
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The aerial part displays admirable adaptation in its staik, \v hich 
rises to a point of vantage for procuring air and light, and in its 
broadly spreading top, which is covered by a skin, tough and 
impervious, to prevent undue evaporation and cpnaeguent dft sir^- 
cation, yet translucent, to allow the sun's rays to reach the 
etarch-making tissue within. The rhizome also, with its pointed 
terminal buds, its elongated roots, armed with boring tips^ and 
its t hick, fleshy parenchyma for the storage of foo d, is admirably 
adapted to its own special surroundings. In order to realize 
this, we have only to imagine the fern to be inverted, the aerial 
portion being planted in the earth, and the underground portion 
lifted into the air and exposed to the winds and sunshine. Under 
these cu'cumstances the want of adaptation of the parts to their 
respective environments would speedily become apparent. 

Yet d ifferent as these parts now are, they have orifflnally 
sprung from the same cell. More recently they were barely dis- 
tinguishable in a mass of tissue, part of which turned upwards 
into the air, while another part turned downwards into the earth. 
But as development went on, the aerial and underground parts 
were progressively differentiated, thus becoming more and more 
perfectly adapted to the pecuHar conditions by which each is 
surrounded. 

Thus it appears that the harmony between every part of the 
plant and its environment is brought about, as in the animal, by a 
gradual process in the history of each indivi dual. We can here 
clearly see aJso the functional adaptation of the plant to chang- 
ing external conditions. The environment of Pteris cnanges 
periodically with the regular alternation of summer an d winter, 
and the plant also undergoes a corresponding periodic change of 
structure in order to maintain its adaptation to the environment. 
During the summer the aerial part is fully developed, and, as a 
result of its activity , starch is accumulated in the rhizom e. At 
the approach of winter the aerial part dies, and the plant is re- 
duced to the underground part safely buried in the soil. During 
the winter and spring the s tarch is gradually consum ed, and the 
aerial part is put forth again as the aerial environmjent becomes 
once more favorable to it. The plant, therefore, like the animal, 
possesses a certain plasticity which enables it to adapt itself to 
g^ du u llji u hanging cundiLion8"o f the environment. 
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A little consideration will show that every function or action of living 
t hings may be reirarded as contributing to the same great end, viz., har- 
mony with the environment ; and from this point of view life itself has' 
been defined as ** the contintums adjustment of internal relations to e x* 
temal relations.^'* * 

Nutrition. The fern does work. In pushing its stem 
througli the soil, in lifting its leaves into the air, in moving 
food-matters from point to point, in building new tissue, in the 
process of reproduction, and in all other forms of vital ac tion, 
t he plant expends energy. Here, as in the animal, the imme- 
diate source of energy is the livin^^ protoplasm, w hich, as it 
lives, breaks down into simpler compound s. Hence the need of 
an income to supply the power of doing work. 

The Income. The income of the fern, like that of the earth- 
worm, is of two kinds, viz. , matter and ene rgy, but vmMke that 
of the worm it is not chiejhj cm income offoods^ hut onhf of the 
TOAJO materials of food . Matter enters the plant in the hquid o r 
gaseous form by diffusion ^ both from the soil through the roots 
(liquids), and from the atmosphere through the leaves (gases). 
We have here the direct absorption into the body proper of food- 
stuffs precisely as the earthworm takes in water and oxygen. 
Energy enters the plant, to a small extent, as the potential energy 
pf food- stuffsy but comes in principally as the kinetic energrof 
sunlight absorbed in the leaves. The table on p. 147 shows the 
precise nature and the more important sources of the income. 

Of the substances, the solids (salts, etc .) must be dissolved 
in water before they can be taken in . Water and dissolved salts 
continua lly pass by diffusion from the soil into the roots, where 
t ogether they constitute the s ap. The sap travels throughout 
the whole plant, the main thou gh not the only cause of move- 
jne nt being the constant transpiration fevaporatioTi) of watery 
vapor from th e leaves, especially through the stomata. The 
gaseo us mat ters ^carbon dioxide, oxygen, nitrogen) enter the 
plant mainly by diffusion from the a tmosphere, are Sssolved by 
the sa p in the leaves and elsew here, an Jlhus may j)ass to every 
portion of the plan t. 

The Manufacture of Foods — especially Starch. Pteris owes 
its power of absorbing the energy of sunlight to the chlorophyll- 

* Spencer, Principles of Biology , vol. i. p. 80. N. Y., Appleton, 1881. 
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hodies or ehromatqphores ; for plants which, like fungi, etc., are 
devoid of chlorophyll are unable thus to acquire energy. Enter- 
ing the chlorophyll-bodies, the kinetic energy. of sunlight is ap- 
phed to the decomposition of carbon dioxide (CO,) and water 
(H,0). After passing through manifold but imperfectly known 
processes, the elements of these substances finally reappear as 
starch (C,H,„0,) often in the form of granu |ftft i>hftHHpH in fliA 
chlorophyll-bodies, and free oxygen, most of which is returned • 

INCOME OF PTERIS. 



Matter. 


Whence Derived. 


Carbon. 


Mainly from the atmosphere as carbon dioxide (OOt), but per- 
haps partly Irom dissolved organic matters (food). 


Hydrogen. 


Mainly from the soil as water (HsO), but perhaps partly from 
organic foods. 


Oxygen. 


Mainly from the soil as water (HsO) and from the air as free 
oxygen. 


Nitrogen. 


Mainly from the soil * as nitrates or ammonium compounds, or 
organic foods. 


Svlphwr. 


Mainly from the soil as sulphates. 


Other elements. 


Mainly from the soil as various salts. 


Energy. 




Kinetic, 


Mainly from the sunlight through the leaves. 


Potential. 


Perhaps to a limited extent in food materials via the roots. 



t o the atmosphe re. Thus the leaf of Pteris in the light is con- 
tinually absorbing carbon dioxide and giving forth free oxygen. 

Carbon dioxide and water contain no potential energy, since 
the aflSnities of their constituent elements are completely sat- 
isfied. Starch, however, contains potential energy, since the 
molecule is rela tively unstab le, i.e., capable of decomposition 
into simpler, stabler molecules in which stronger affinities are 

* It has been generally believed that plants are unable to make use of free 
atmospheric nitrogen, but recent investigations have disproved this view for 
certain species. 
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• ( satisfied. And this is due to the fact that in the manufacture 

o f starch in the chlorophyll-bodies the kinetic energy of sunh ght 
\a was expended in hfting the atoms into position of vantage , 
thus endowing them with energy of position . In this way some 
of the radiant and kinetic energy of the sun comes to be stored 
up as potential energy in the starch. In short, Pterisj like all 
green plants, is a ble by coroperation with sunlight to use simp le 
raw materials (carbon dioxide, water, oxygen, etc.) poor in en - 
ergy or devoid of it, and out of them to rruinufacture fo od^ i.e., 
complex compounds rich in available potential energy. We 
shall see hereafter that thi s power is possessed by green pla nts 
alone ; all other organisms being dependent for energy upon the 
potential energy of ready-made food. This must in the first 
instance be provided for them by green plants ; and hence with - 
out chlorophyll-bearing plants animals (and colorless plants aa 
well) apparentlv could not long exist. 

The plant absorbs also a small amount of kinetic energ y, in- 
dependently of the sunlight, in the form of heat ; this, however, 
is probably not a source of vital energy, but only contributes to 
the maintenance of the body temperature. 

Circulation of Foods. It is chiefiy in the green (chlorophyll- 
bearing) parts of the plants, and in the presence of sunlight, that 
food-manufacture goes on. Somehow, then, the water absorbed 
by the roots must be transported to the leaves, and the starch 
made in the leaves must be conveyed to the subterranean tissues. 
Exactly how these transfers of material are effected is uncertain, 
but there is reason to believe that they take place mainly by the 
s low processes of diffusi on. It is certain that no distinct organs 
of circulation or distribution, such as the blood-vessels pf the 
. earthworm, exist in the fern. 

Metabolism, Starch, as has just been seen, is first formed in 
the chlorophyll-bodies. But the f ormation of starch, all-impor- 
tant as it is, is after all only the mam^ufacture of food as a pre- 
liminary to the real processes of nutrition. These processes must 
take place everywhere in ordinary protoplasm; for it is here 
that oxidations occur and the need for a renewal of matter and 
energy consequently arises (cf. pp. 32 and 33). Sooner or later 
the starch grains are changed into a ki nd of su gaF7^7i^^^, 
C,H^aOe) ; which, unlike starch, dissolves in the sap, and may 
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thus be easily transported to all parts of the plant. Wherever 
there is need for new protoplasm, whether to repair previous 
waste or to supply materials for growth, after absorption into 
the cells the elements of the starch (or glucose) are, by the liv- 
ing protoplasm, in some unknown way combined with nitrog en 
and sulphur (probably also with salts, water, etc.), to form proteid 
matter. The particles of this newly-formed compound are incor- 
porated into the protoplasm (by " intus-susception," p. 4) and, in 
some way at present shrouded in mystery, are endowed with the 
properties of life. We do not know how long they may remain 
in the living state, but sooner or later they are oxidized , and, as a 
result of the oxidation, that energy is set free which enables th e 
fern to do work and prolong its existence. The oxidized pro d- 
ucts are afterwards eliminated (excreted) from th e cells. 

If a larger quan ti ty of starch is formed in the chlorop hyll 
bodies than is immediately needed by the protoplasm for pu r- 
poses of repair or gr owth, it may be re-converted into starch 
a fter journeying as glucose through the plant^ jand be laid down 
as '' reserve starc h " in the parenchyma of the rhizome, or else- 
where. Apparently, w hen this re serve supply is finally needed 
at any point in the plant, it is again changed to glucose and trans* 
ported thith er. It is proba ble th at new leaves and new tissues 
generally, are always formed in part from this reserve starch, 
and not solely from newly-form ed starch. 

In dealing with the metabolism of the fern we may safely 
assume, as we have done already for the earthworm, a constructive 
phase ( ay^hoUsm) and a destructive phase {kataholism) ; but 
t]bese terms represent n^erely probable events, not known facts . 

The Outgo. The outgo, like the income, is of two kind s, 
matter and energy, but it cannot be so readily tabulated . 

The plant suffers annually a great loss both of matter and of 
potential energy in the production of spores and in the autumnal 
dying-down of the frond s. But matter also leaves the plant 
daily as c arbon dioxide (in s mall quantities), water, and oxyg en, 
both by diffusion through the epidermis and by trans piration 
through the stomata ] Strictly speaking, the term outgo should 
be restricted to the output of matter which has at some time 
actually formed a part of the living jprotoplasm ; henc^^t does 
not apply to the oxygen, which is simply given off i n the m anu* 



Digitized by 



Google 



150 



THE BIOLOQT OF A PLANT. 



facture of Btarch, or to the bulk of the water of evaporat ion, 
which passes straight through the plant without undergoing any 
chemical change. Energy l ikewise leaves the plant continuously 
bot h as hecU and in the doing of mechcmical worh^ both of which 
are involved in every vital act. 

Betpiration. It has been remarked that in the light (i.e., 
when manufacturing starch) PterU takes in carbon dioxide and 
gives off free oxygen. But if the plant be deprived of light , as 
at night, the reverse is true, and the p^nt takes in a small 
amount of oxygen and gives off a corresponding amount of car- 
bon dioxi de. This latter process is the true hreathvn g or rey^- 

PTEBI8 AQUIMNA. 
(Balance-sheet of Nutrition.) 



Income. 


OUTOO. 


IMJUt. 
Foods^ 

InorgMiic salts, 
Carbon dioxide. 
Water, 
Free oxygen. 


MatUr. 

Carbon dioxide, 
y Water, 

} Excreted substances, 
' Reproductive germs, 
f' Leaves, etc., 

1 Free oxygen — from decomposition 
of carbon dioxide in light. 


Sunlight absorbed by chlorophyll. 
Potential energy in foods. 


Energy. 
Work performed. 
Heat. 

Potential energy in cast-off matters, 
reproductive germs, etc. 


Balance in favor of the living Pterin : 
MatUr. 

Tissues, protoplasm, starch, cellulose, chlorophyll, etc. 


Energy, 

Potential energy in organic matters. 



ratio Tk of the plant, and it must not be confounded with that 
taking in of carbon dioxide and giving off of oxygen which is an 
incident in the manufacture of starch. Respiration goes on in 
the light also, probably with greater energy than in darkness, 
but it is then largely obscured by the other and more conspicu- 
ous pro cess. We have seen that energy is set free in living mat- 
ter by a decomposition of its own substance, which is really a 
process of oxidation or combustion, where free oxygen plays 
an important part (p. 32, Chap. III.); hence the absorption of 
free oxygen in respiration. Among the products of the combus- 
tion, water and carbon dioxide are the most important ; and this 
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is the origin of the carbon dioxide given off. It will appear 
beyond that precisely the same action takes place in the respi- 
ration of animals, and that all living things breathe or respire in 
essentially the same way. 

It was for a long time believed that a leading difference between plants 
and animals lay in the fact that the former give off oxygen and absorb 
carbon dioxide, while the latter give off carbon dioxide and absorb oxygen. 
But it is now known tha t both give off carbon dioxide and both require 
oxygen, and that only the chlorophyll-bearing parts of gree n plants are en- 
do wed with the special function of decomposing carbon dioxide and water 
a nd manufacturing starch — as a result of which they d^(but in the light 
only) give off oxy gen as a kind of inci dental- or by-product. 

Interaction of the Fern and its Environment. 

The actions of the environment upon the fern have already 
been suflSciently dwelt upon (p. 144). It still remains, however, 
to consider the actions of the fern upon the environment. 
These are partly physical, but mainly chemical. By pushing 
its fronds into the air and slowly thrusting its rhizome, roots, and 
branches through the soil, the atmosphere and the earth are alike 
displace d. But it is by its chemical activity that it most pro- 
foundly affects its environment. Absorbing from th e latter 
water, salts, carbon dioxide, and other simple substa nces, as w ell 
as sunlight, it produces with them a remar kable metainorphosis. 
I t manufactures from them as raw mater i als or ganic matter in 
the shape of starch, fats, and even prote ids. These it gives 
back to the enviromnent in some measure duringjif e, and sur- 
renders wholly after sudden death. But the most striking fact 
is that the fern is on the whole constructive and capable of ^pro- 
ducing and accumulating compounds rich in energy. In this 
respect it is unlike the earthworm (p. 104) anTl is typical of green 
plants in general. Thus, while animals are destroyers of ener- 
gized compounds, green plants are pro ducer6_of_jthem. Ani- 
mals, therefore, in the long run are absolutely dependent on 
pl ants; and animals and colorless plants alike upon gre~en plants. 
But it must never be forgotten that most plants are enabled to 
manufacture organic from inorganic matter by virtue of the 
chlorophyll which they contain. Without this they are power- 
less in this respect. (See, however, p. 197). 
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Physiology of the Tissue-Systems. The ejndermal tissue s 
serve as the sole medium of exchange between the inner parts of 
the plant and the environment ; they are als o protective ^ and in 
certain regions are useful for supp ort. The function of repro - 
duction also falls upon these tissues, as is shown by the develop- 
ment of the sporangia, antheridia, and archegonia. 

The fibrO'VasGula r tissues serve in part as a ^pporting 
s keleton, fo r which function their richness in prosenchyma 
and their firm continuity admirably adapt them. An equally 
important function, however, is their coiiductimty^ since they 
serve for the transportation of the water for evaporation by the 
Jeaf (transpiration), a nd fo r the movement - (through the sie ve* 
tubes) of the undissolved and indiffusible proteids. The funda- 
m ental tissues are devoted either to sharing the special dutie s 
of the other systems, as in the case of the sclerotic parenchyma 
abutting upon the epidermal tissue in the rhizome (p. 119), and 
the sclerotic prosenchyma which appears to behave like the fibre- 
vascular tissues; or to nutritive and metabolic functions, as in 
the mesophyll (p. 126) and the parenchyma of t he rhizome. 

~ The Physiology of Eeproduction. It is not known whether the 
brake ever dies of old age. Barring accidents, growth at the 
apical buds se ems to be unlinaited, keeping pace with death of 
the hinder parts of the rhizome (p. 111). But whether the indi- 
vidual dies or not, ample provision against the death of the race 
is made in the act of reproduction. Although reproduction ap- 
pears to be useless to the individual, and even entails upon it 
serious annual losses of matter and energy, yet to this fimction 
every part of the plant directly or indirectly contributes. The 
r eproductive germs are carefull y prepared ; are provided with a 
..stock of food sufficient for the "earliest stages of development ; 
a^S^are endowed with the peculiar powers and limitations of 
Pteris Oquilina, which influence their life-history at every step 
and are by them transmitted in turn to their descendants. They 
are living portions of the parent detached for reproductive pur- 
poses; they contain a share of protoplasm directly descended 
from the original protoplasm of the spore from which the parent 
came; and thus they serve to eff ect that '' continuity of the 
germ-plasm" to which we have already referred in dealing 
wifK~the~earthworm. In short, r eproduction is the supreme 
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function of the plant. If we may paraphrase the words of 
Michael Foster, th e oosphere is the goal of individual exis tence. 
a|id life is a cycle, beginning with the oosph ere and continually 
coming round to it agai n. 

Comparison of the Fern and the Earthworm. To the super- 
ficial observer the fern and earthworm seem to have little or 
nothing in common, except that both are what we call alive. But 
whoever has studied the preceding pages must have perceived 
beneath manifold difEerences of detail a fundamental likeness 
between the plant and animal, not only in the substantial iden- 



tity of the living matter in the two but also in the construction 

the umon of two differently-constituted cells, male and female. ,j , //^' 



of their bodies and in the processes by which they come into \^^/<^ 



existence. Each arises from a single cell which is the resu lt of 
the union of two differently-constituted cells, male and female. . , 
In both t he primary cell multiplies and forms a mass of cel ls, at// 
first nearly similar but afterwards differentiated in various di- 
rections to enable them to perform different functions , i.e., to 
effect a physiological divisiqn of labo r. In both, the tissues thus 
provided are associated more or less closely into distinct org ans 
and svstem s, among which the various operations of the body 
are distributed. And in both the ultimat e goal of ind ividual 
existence is the production of germ-cells which form the start- 
ing-point of new and similar cycles! 

This fundamental likeness extends also to most of the actions 
( physiology) of the two organism s. Both possess the power of '^^" 
a dapting themselves to the environmen ts in which they live, yic 
Both take in various f orms of matter and energy from the en- 
vironment, build them up into their own living subs tance, and 
fi nally break down this substance more or less completely int o 
simpler compound s by processes of internal combustion, setting 
free by this action lEe" energy' wIiicE"lTiamtam6 their vital ac- 
tivity. And, sooner or later, both give back to the environment 
th e matter and energy which they have taken fr om it. In other 
words,' both effect an exchange of matter and of energy with 
the environment. r * \ 

Nevertheless the plant and the animal differ. They differ ^ V 4 
widely in form, and the plant is fixed and relatively r igid, while 
the ani mal is flexible and mob ile. The body of^ the plant is 
relatively soUd; that of the animal contains numerous cavities, v 
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^ V, T he plant absorbs matter directly through the extern al surface; 
t he animal partly through the external and partly thi'ough an 
internal (alimentary) surface. T he plant is ab le to absorb simp le 
c hemical compounds from the air and earth, and kinetic energy 
^ V fr om sunlight ; the animal absorbs, for the most part, c omplex 
j' fi' c hemical compounds and makes no nutritive use of the sun's 

Idaeticenergy. By the aid of this energy the plant manufac- 
. ^ tures starch from simple compounds, carbon dioxide, and wa ter ; 
the animal lacks this power . The plant can build up proteids 
f ; , from the nitrogenous and ot her compounds of its food ; the animal 
absolutely requires proteids in its f ood. And by manufacturing 
proteids within its living substance, the plant is relieved of tJ ie 
necessity of carrying on a process of digestion in order to ren der 
them diffusible for entrance into the bo dy. 

Still, great as these differences appear to be at first sight, 
all of them, with a single exception, fade away upon closer ex- 
amination. This exception is the power of ma kin g foods . 
Plants and animals differ in form because their mode of l ife 
differs; but a wider study of biology reveals the existence o f in- 
numerable animals (corals, sponges, hydroids, etc.) which have 
a close superficial r esemblance to plants, and of many plants 
w hich resemble animals, not only in form, but also in possessing 
t he power of active locomo tion. The stomach of the worm, as 
shown by its development, is really a part of the general outer 
surface which is folded into the body ; and the animal, like the 
plant, therefore, really absorbs its income over its whole surface 
— oxygen through the general outer surface*, otheVYood-matters 
through the infolded alimentary surface. 

In like manner it is easy to show that not one of the differ- 
ences between the plant and animal is fundamentally impor- 
tant save the power of making foods. The worm must have 
comjplex ready-made^ food including proteid matter. So must 
the fern ; but the fern is a ble to manufacture this complex food 
out of very simple compounds. In terms of enefgy, ;the worm 
requires ready-made food rich in potential energy; the fern, 
aided by the sun's energy, can manufacture food from matters 
devoid of energy. ' " 

Hence it appears, broadly speaking, that the fern by the aid 
of solar energy is constructive, and stores up energy ; the earth- 
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worm JR destructive, and dissipates ener gy. And this difference 
becomes of immense importance in view of the fact that the 
fern is typical in this respect of all green plants, as the earth- 
worm is typical of all animals. 

It will hereafter appear that even thi s differ ence, great as it 
is, is partly bridged over by colorless plants like yeast, moulds . 
bacteria, et c.. which have no chlorophyll, are therefore unable 
to use the energy of light, and hence must have energized food. 
But th ese organisms do not, like animals, require proteid foo d, 
being able to extract all needful energy from the simpler fats , 
carbohydrates, and even from certain salt s. When we consider 
that the distinctive peculiarities of animals can thus be reduced 
to the sole characteristic of dependence on proteid food, we can- 
not doubt that the differences between plants and animals are of 
immeasurably less importance than their fundamental likeness. 



It has been the object of the foregoing chapters to give the 
student a general conception of organisms, whether vegetal or 
animal ; of their structure, growth, and mode of action ; of their 
position in the world of matter and energy, and of their relations 
to lifeless things. With this preliminary knowledge as a basis, 
the student is prepared to take up the progressive study of other 
organisms, selected as convenient types or examples. It is con- 
venient to begin with low and simple forms of life and work 
gradually upwards; and it is especially desirable to do so be 
cause there is reason to believe that this course corresponds 
broadly with the path of actual evolution. 
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CHAPTEE XL 
THE UNICELLULAR ORGANISMS. 

It has been shown in the foregomg pages that the complex 
body of an adult fern or earthworm, or of any of the higher 
forms of life, originates from a single cell of microscopic size. 
This cell — the fertilized ovimi or oosphere — ogives rise by divi- 
sion to new cells which in their turn divide, generation after 
generation, until a fidl-grown hody is formed, composed of 
myriads of cells. But the process of cell-division does not in 
this case go as far as complete Q>(^'Sepa/rat{on^ and the cells do 
not acquire a complete individuality. They do, it is true, ac- 
quire a certain independence of structure and function; and 
their individual characteristics may even depart widely from 
those of neighboring cells (differentiation). Nevertheless they 
remain closely united by either material or physiological bonds t o 
form one body. The body is not, however, to be regarded as 
merely an assemblage of independent individual cel ls. The hody 
t8 the individua l ; its more or less perfect division into cel ls is 
only a basis for the physiological division of labor ; of which 
cell-differentiation is the outward expression . 

All this is true, however, only in the higher types. At the 
bottom of the scal e of life there is a vast multitude of forms in 
which th e body consists, not of many cells but of only one, and is 
therefore comparable in structure not to the adult fern or earth- 
worm, but to the germ-cells from which these arise. Such forms 
are known as unicellular organisms, in contradistinction to the 
multicellula /r. Like other cells the unicellular organisms multi- 
ply by divisio n, but division is followed sooner or later by. co m- 
plete separatio n ; the daughter-cells become entirely distinct and 
independent individuals, and do not remain permanently asso- 
ciated. In them a true multicellular body, therefore, is never 
formed ; the cell is the individual^ and the hody is unicellular. 

I§6 
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Nevertheless the one-celled organism performs all of t he 
characteristic operations of life. A single mass of protoplasm, a 
single cell, unites in itself the performance of all the various 
elementary functions which in the multicellular forms are distrib- 
uted among many cells, difEerentiated into divers tissues and 
organs. The unicellular forms are therefore in a physiological 
sense as truly ^^ organisms'^ as the multicellular form s ; and in 
^many cases the unicellular body shows a very considerable degree 
of differentiation among its parts . But the unicellular forms 
are organisms reduced to their lowest tenns ; they present us with 
the problems of life in their most rudimentary form. Hence 
they may afford a kind of key to the more elaborate organization 
of the higher types. 

"We shall find among unicellular forms representatives both 
of animals and of plants, and to a detailed examination of some 
of these we may now proceed. 



Digitized by 



Google 



CHAPTEE XII. 
UinOELLULAR ANIMALS {Protozoa). 

A. Amodba. 

(The Proteus Animalcule.) 

General Account. Amoiba is a minute organism occasionally 
found in stagnant water, in the sediment at the bottom of poncb 
and ditches, on the surface of water-plants, in damp earth, in 
organic infusions of various kinds — ahnost anywhere, in short, in 
the presence of moisture, organic matter, and other f avorable 
conditions. There are many specie s of Amceba^ some Uving in 
salt water, others in fresh^ One oJ the largest and commonest 
fresh- water forms is AmcBba Proteus ^ wliich forms the subject 
of this account.^ 

Amoeba occurs in an active or motile stat e, and a quiescent or 
encysted state. When active the body consists (Fig. 84) of a 
minute naked mass of protoplasm which in the case of la/rge 
specimens is barely visible to the naked eye — i.e., half a mill i« 
metre (3^ inch) or less in lengt h. This mass creeps, or rather 
flows, actively about by the continual protr usion of lobes or pro c« 
esses of its own substance, known as pseudopodia . These may 
be put forth from any part of the surface and again merged into 
the general mass; the body therefore continually changes its 
shape, and hence the name ^^ Proteus." 

When the body is well extended the protoplasm is seen to 
consist of a clear peripheral sub stance, t he ectoplasm ^ and a cen- 
tral substance, the entoplasm ^ filled with coarse granule s which 
give the body a highly characteristic granular appearance some- 
times described as a '^gray color." Within the ectoplasm the 
more fluid entoplasm freely flows, as if confined in a tube or 

* Other common forms are the smaller A. radiosa and A, verrucosa. The 
large A. {Pelomyxa) vUlosa and A (Dinamceba) mirabUU are not infrequent. 
See Leidyy Fresh- water Rhizopods of North America. 
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PiO. 84.— J-TMCBba VrotmHy from life X 900. The arrows indicate the direction of the 
protoplasmic currents ; n, nucleus ; c.r, contractile vacuole ; /.v, food-vacuole ; 
w.v, water-vacuple. A shows the texture of the protoplasm. B is an outline of 
the same Individual four minutes later ; the upward currents at the right of Fig. 
A. have stopped, reversed, and the main flow is now towards the left. 



Digitized by 



Google 



160 UNICELL ULAR ANIMALS. 

sac, but the two substanc es are not separated by any definite 
boundary-line, and pass imperceptibly into one anothe r. The 
external boundary of the body is formed by the outermost limit 
of the ectoplasm. There is no membrane, and the body is 
quite naked. Nevertheless the protoplasmic mass shows no 
tendency to mix with the surrounding water, and perfectly main- 
tains its integrity ; it is an individual. 

The formation of a j)seudop od begins by the bulging out of 
the ectoplas m to form a rounded prominence 'at some point on 
the surface. Into its interioir a sudden gush of entoplasm then 
takes place and a s teady outward stream ensues , the entoplasm 
p ushing the ectoplasm before it, and the substance of the body 
flowing into the pseudop od. The whole substance of t he body 
may thus flow onward into the pseudopod, which meanwhile forms 
new pseudopods, and so the entire animal advail&es in the direction 
of the flow; or, the pseudopod after attaining a certain size may 
be withdrawn into the body by reverse (centripetal) curren ts, the 
main body having meanwhile flowed onward in another direction. 

As a rule, the new pseudopodia are put forth near one end 
of the body (hence called '' anterior "), and the general directi on 
of advance is therefore fairly cons tant, not vague and indefinite, 
as is often stated. The direction of flow fluctuates, however, 
about a certain mean, being continually diverted this way or 
that by the formation of new pseudopodia. Those which do not 
form directly in the line of march either merge little by little 
with the advancing ones, or are withdrawn by reversed curren ts 
into the body. Iii_the la tter case they often leave shrivelle d 
wart-like remnants, and a group of similar warts is usua lly 
fo und near the ^^ posterior" end of the b ody (Fig. 84. pY. 
Definite changes in the general direction of advance are effected 
by the diversion of the main current mtoJateral_pseudopodia. 

Amoeba ioeAs upon mi nute plants and animals or other or- 
garde particles. There is no mouth, and food-matters are bodily 
ingulfed (at no definite point) by the protoplasm which closes 
up beyond them.* The indigestible remains are passed out Jn 

* T his mode of ceUular alimentatio n is of frequent occurrence in some cells 
of multicellular, as well as in unicellular, animals. Cells exhibiting it are 
known as y hagocytes (eating-cel ls), and the process is referred to as phagocytons. 
It is obviously only a prelude to intra-cellular digestion. 
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an equal ly primitive fashio n, usually at some point, near the 
" posterior ^^ en d« Besides solid fopd-stuffs Anmba takes in a 
certain quantity of water (along with minute quantitiea of Jaor- 
^nic sa lts dissolved in it) ^ and it also breathes, by taking in 
(mainly by diffusion) the free oxygen dissolv ed in the water an d 
giving off carbon dioxid e. 

Such is Am(Bba in its active phase. The quiescent or e n* 
cysted sta te is entered upon under conditions not thoroughly 
understood, but probably of an unfavorable nature, such as the , 



•• P C 

Fig. 85.— -4, Amceba dividing by fission, nucleus not seen (after Leidy). C, Amoeba 
after a full meal consisting of a large diatom (dt), (After Leidy). Letters as in 
Fig. 84. D, Encysted Amoeiba, containing food-matters (after Howes). 

lack of food, drying up of ponds, and the like. The pseudo- 
podia are withdrawn, movement ceases, the body becomes 
- spherical and surrounds itself with a tough membrane (c ell-wall) 
(Fig. 85, D). The animal takes n o food and all of its activitie s 
are nearly s uspended . It is like an ammal asleep or hibernating, 
and in this state it may long remain. Protected b^its mem- 
brane it is able to resist desiccation , and upon the evaporation of 
the surrounding water it may, as a particle of '^ dust," be trans- 
porte d by the winds, even to a great distance. When again 
placed u nder fav orable conditions the^protoplasm bursts its 
envelope^ c rawls f()rth^from it, and reassumes its active phase. 
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Stmotnre. Lying in the entoplasm, usually near the pos* 
terior extremity, \a a nucleus {n^ Fig. 84), having the form of 
a bi-concave disk and largely made up of coarse granules o f 
chromatMh (cf . p. 23). Amceiba is therefore at once a single 
cell and a umceUuIar organism, morphologically equivalent to a 
single tissue-cell of a higher animal or to the germ-cell from 
which every multiceUular form arises. The hody of Anmba is 
a one-celled body . 

The protapldsm (cytoplasm) consists of a clear basi s, and (in 
the case of the entoplasm) of innumerable granules extremely 
diverse in form and size, and frequently differing in charact er 
in different individual s. Often they are in the form of rhom- 
hoidal firystftl^in^. bodies; in other cases they are rounded o r 
irregular . Their precise chemical composition is uncertain, but 
they are probably complex organic compound s, a product of 
metabolism and serving as reserve food-matter .* 

Yaeuoles. The protoplasm often contains rounded vacuoles 
of which the three following kinds may be distinguished : 

(a) Water-vacuol es {w.Vj Figs. 84, 85), filled with water, 
lying in the en toplasm and carried along in its currents. 

(h) I^ood'Vactcole s {f>v\ also lying in the entoplasm , con- 
taining the solid food-matters that have been ingulfed. Within 
them digestion takes place . When this process is completed 
they approach the exterio r — usually at some point near the 
posterior end — the outer wall breaks through, and the innutri- 
tious remnants are cast out, the ectoplasm closing up the b reach 
immediately afterwar ds. Thus Amoeba has no mouth , ali- 
mentary canal ^ or anuSj but the gen eral mass of protop lasm 
pl ays the rdle o f all th ree. 

{c) Contractile vacuole (cv). XJsually^ single, sometimes 
d ouble, l ying near the posterior _gnd^ and_fille d with liqui d. 
This is sharply distinguished from the other vacuoles by its 
rhythmical pulsationy ex panding (<:?^a^(2fe), and contractin g (sys - 
tole) at regular interval s. During the diastole the vacuole slowly 
fills with liquid which drains into it from the surrounding proto- 
plasm. At the systole^hich. is very sudden, tliis liquid is forc i- 
bly expelled to the exterior through an opening that breaks 

* In some species of Amceba the entoplasm may also contain innumerable 
grains of sand taken in from the exterior, but this is not the case in A, Proteus. 
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throug^h the ectoplasm, and immediately afterwards disappears. 
The contractile vacuole is almost certainly to be regarded as a 
simple kind of excretory apparatu s, the water which collects in 
it containing in solution various products of destructive met abo* 
lism which are thus passed out of th e body.* 

Beproduction. However abundant the food-supply Amc^ 
never grows beyond a certain maximum limit. After this limit 
has been attained the animal sooner or later divides by ^^fisaion ' ' ' 
into two smaller Amoebas (Fig. 85, A). Thus the existence of 
an individual Amoeba is normally terminated, not by death, but 
by resolution into two new individuals. This process is the 
simplest possible form of agamogenesis, and Amoeba is not kn own 
to multiply in any other way. f The fission of Am /pha ia a 
process essentially of the same nature as the division of ordina ry 
tissue-cells, a division of the nucleus preceding that of the 
cytoplasm. Whether the divi sion of the nucleus is of the indi* 
rect type (i.e., passes through the phenomena of karyokinesis) is 
not known by direct observation, but there is some reason to be * 
lieve that it is so. In any case the successive fissions of Amo^ 
are directly comparable with the successive cleavages of the egg 
of a metazoon (p. 25). The progeny of the AwAj^a^ however, 
separate and form independent individuals, while those of the egg- 
cell remain intimately associated to form a single multi-cellular 
individual. Morphologically, therefore, a metazoon is compara ble 
not with a single Amoeba^ but with a multitude of Amoeboe. 

Physiology. The possible simplicity of animal structure is 
well shown in Amxeba^ which is morphologically an animal r e- 
duced to its lowest terms. Its physiological o perations are cor- 
respondingly primitive and rudimentar y ; and by an analysis of 
them we may discover what is essential and fundamental in th e 
physiology of animals in general. A survey of the various activ- 
ities of Amxjeba shows that these may all be r edu c ed to a JQwfunda * 
mental physiologica l properties of the protopl asm, j: as follows: 

* It may be recalled that the cavity of the nephridiam in the earthworm is 
intra-cellular, like a vacuole (p. 60). 

f It has been asserted that Amc^a conjugates and also that it multiplies by 
endogenous division ; but the evidence on both these points is inconclusive. 

X It is hardly necessary to remark that in common with all English-speak- 
ing biologists we are indebted to Foster for the first comprehensive elaboration 
of the " fundamental physiological properties " as exhibited by Amcsba, 
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(1) Cont/ractUity ^ by means of which motion is effected. 
This appears most clearly when the animal is stimulated by a 
sudden jar, or by an electric shock, which causes the body to 
contract into a ball. This property, precisely like the contract ion 
of a muscl e (p. 27), is the result of a molecular rearrangement, 
accompanied by chemical changes , which causes a change of 
form in the mass without altering its bulk. The action of t he 
contractile vacuole is due to the contractility of the surroundin g 
protoplasm ; and in like manner the c urrents which cause t he 
protrusion and withdrawal of pseudopods , and so the locomotion 
of the animal as a whole, are produced by localized contraction s 
of the peripheral layer of protoplasm which drive onwards th e 
more fluid central parts. 

(2 ) Irritability {iticluding Co-ordmatiorC) ^ or the power t o 
be affected by, and to respond to, changes or ^^ stimuli ' ' acting 
upon or within the protoplasm. The change of shape following 
the application of an electric shock is actually effected by con- 
tractility, but the power to be affected by the shock and to arouse 
contractihty, is irritability . To this property the animal owes its 
power of performing a daptive ac tions in respo nse to cha nges in 
the environment, and also its power to co-ordinate the v arious 
actions of its own body . To illustrate : It is a remarkable fact 
that Amoeba is able to discriminate between nutritious and in nu* 
tritious matters , ingulfing the former, but rejecting the latter. 
Physiologically this discrimination is q^dv^^nGe_of_Te§poTjiM^ to 
different stimul i — Whence a phenomenon of irritabilit y. Again, 
the various actions (movements, etc.) of Amoeba^ despite their 
apparently vague character, are co-ordinated to form a definite 
whole ; and co-ordination may be regarded as a phenomenon of 
irritability, changes in one part serving as stimuli to other parts 
and being brought into orderly relation with them. The property 
of irritability hes at the base, of all nervous activity in higher 
forms (cf. p. 67) and is concerned in many other actions. 

(3) Metabolism^ the most fundamental of all vital actions, 
since it hesjat the root of all, is the power of waste and repair — 
the destructive chemical changes in protoplasm {hatabolism) 
whereby energy is set free, and the constructive actions {anabo- 
lism) through which new protoplasm is built and potential 
energy is stored (cf. p. 33). There is every reason to believe 
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that the metabolic phenomena of Am/pJ^a are^ j^fORflly fipARlrin^^ 
s imilar to those of higher animals. The katabolic cha nges are in 
the long run processes of oxidation, and although their products 
have not yet been definitely ascertained in Amoeba^ there can be 
no doubt that they consist mainly of carbon dioxide, water, an d 
some form of nitrogenous matter (urea or a related substance). 
Most of these waste matters are beUeved to be passed_qut {se- 
cretion^ excretion) by means of the contractile vacuole , but prob- 
ably carbon dioxide leaves the body by diffusion through th e 
general surface {resmraUon in part). 

The materials for the constructive process {anaholiara) are 
derived from organic food-matte rs — bodies or fragments of plant s 
and animals t aken as food in the process of alimentation^ and 
ahsorption from the water and' the inorganic salts disso lved in 
it, and from the f rfee oxygen that enters by diffusion throug h 
the general surface ire syiration in part). Froteid matter is a n 
indispensable constituent of the food, an d Amceba is therefore 
an animal. 

Alimentation, absorption, secretion, digestion^ and o.irmilR- 
tion, all of which are only the prelude to metaboKsm, but which 
in the higher animals are assigned to different organs, tissues, 
and cells, are here performed by one and the same ce ll. The 
capture of solid food here requires its entrance into the cell ; 
and th e fact that proteids cannot be absorbed ! by diffngmTi TiAr»i^g, ^ 
sitates intracell ular digestion which in turn necessitates cellu lar ^ J 
defsecation. It will be observed that while there is no localized & $ 
or permanent mouth or anus, the whole surface of the cell is i i ^ 
potentially mouth or anu s. In short, the protoplasm here ex- t > 5 
hibits not the physiological division of labor, but its absence. • 5 



(4) Growth am^d Rejproduction. Logically there is in the 
case of Amceba no good ground for a distinction between these 
processes and metabolism ; for reproduction is directly or in di- 
rectly an e ffect of growth, and growth is simply an excess of 
anabolism o ver katabolism . Practically, however, the distinc- 
tion is necessary; for the tendency of living things to run in 
cycles of growth and reproduction/ is one of their most obvious 
and characteristic features. 

Here, as in all protoplasmic structures, growth takes place 
throughout the mass, by intussusception (p. 4), not by the ad- 
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ditions of superficial layerd, as in the case with growth by necre* 
tion (inorganic bodies, e.g., crystals). Under favorable condi- 
tion of nutrition this process exceeds the destructive process so 
that the body increases in size up to a limit, at which fission 
takes place. What determines this limit is unknown, but the 
cause is perhaps in some way connected with the geometrical 
principle that the v olume of the ceU increases as the cube of its 
jiiameter^ whe reas the surface, by which it absorbs nutriment, 
a nd otherwise comes into^ relation with th e outside world, in- 
creases only as the square of the diame ter, yp^reafincrease 
in size, therefore, is possible without destroying the normal equi- 
librium of the cell and hence the periodic reduction of size by 
division. This principle is, however, too general to be of muc h 
value. Different species of Amo^ differ in size-limit, and the 
immediate cause lies in some subtle relation between organism 
and environment that cannot at present be made out. It is not 
known whether or not the Amceba ever dies of old age. ^ ~ 

These ''fundamental physiological properties" of proto- 
plasm lie at the basis of all physiology, and will be found ap- 
plicable to all forms of life whether vegetal or animal. 

Related Forms. Amceha is a representative of a very extensive class of 
Protozoa known as Rhizovoda, a ll characterized by the power to form 
pseudopodia, and agreeing with Amceba in many other respects. One of 
the commonest fresh-water forms is the genus Arcdla (F ig. 86, (7), which 
even in the active phase is surrounded by a brown homv membra ne 
(** shell ") perforated by a large rounded opening through which pse udo- 
podia are protruded . Difflugia (Fig. 86, B)^ also a common fresh-water 
form, builds about itself a beautiful vase-shaped or retort-shaped shel l 
composed of sand-grain s, or even, in some cases, of diatom-shells. In 
Actinophrys, or the ** sun-animalcule" (Fig. 86, -4), the pseudopodia are 
stiff needle-shaped process es radiating m every direction. 

Among the marine form s "twb"gfbups'(oraers) are of especial interest 
and importance ; viz., the Foraminifera , which secrete a calcareous shell 
perforated by numerous pores, and the Radiolaria, which have a siliceous 
shell. Many of these forms float at the surface of the water, and their 
cast-off shells h ave in former times accumulated at the bottom in such 
enormous quantities as to form beds of chalk i n the case of Foraminifera, 
while the remains of Radiolaria have made important contributions wrthe 
formation of siliceous rocks. 
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Fig. 86.— Gronp of common fresh- water Rhizopods (after Leidy). A^ Actinophrys 
8oU the " sun-animalcule," filled with vacuoles and containing three food-bodies 
(zo5spores of an alga) ; a fourth is just being ingulfed. The nucleus is not seen, 

B, Difflugia urceolata^ with shell built of sand-grains and pseudopodia far ex- 
tended. 

C, ArcelUi mUrata^ a transparent individual showing the protoplasmic body sua- 
pended within the shell ; several vacuoles are shown, but no nucleus. 

(Highly magnified.) 
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CHAPTEE XIII. 

TOIOELLULAR ANIMALS (PROTOZOA) (OorUinued). 

B. Infusoria. 

(ParamcBeium, Vorticella, etc) 

^I nfusoria are minute nnicellula r animals fomid like Amo^a 
in stagnant water or in organic infus Tons (see p. 201) (hence 
*' Infusoria "). In the leading features of their organization 
they are closely similar to Amoeba and its allies, from which 
they differ, however, in having a much higher degree of differ- 
entiation, in naov ing by means of cilia instead of pseudopodia ^ 
and in showing t he first indication of gamogenesis (amphimixis). 
ParamcBGiiim (the slipper-animalcule) is an actively free- 
swimming form often found in multitudes in hay-infusion or 
water containing the decomposing remains of NiteUa and other 
water-plants. Vorticella (the ^^bell-animalcule ") is commonly 
attached by a slender stalk to duck-weed {Lemnd) and other 
water-plants, pr to other submerged objects ; at other times it 
breaks loose from the stalk and swims for a whUe actively about. 
The two forms are constructed upon essentially the same plan, 
but Vorticella shows in some respects a much higher degree of 
differentiation. 

Faramoecium. — The slipper-shaped body (Fig. 87) is covered 
with cilia by means of which the animal rapidly swims about. 
Morphologically the body is a single cell, having the same gen- 
eral composition as in Amoeba^ but possessing in addition a deli- 
cate surrounding membrane (''cuticle") or cell-wall . The 
differentiation of the protoplasm into ectoplasm and entopla sm 
is very sharply marked , and the former contains numerous 
peculiar r o d-like bodies jtrichocysts) from which long threads ma y 
be thrown out. Their function is probably that of offen ce and 
protection. As in Amceba the protoplasm contains water-vacu- 
ales {w, v) and food-v acicoles (f.v) (both of which are carried 



Digitized by 



Google 



THE SLIPPER-ANIMALCULE. 169 



V 



77 



Fig. 8>t,^Parammcium caudaium. A^ from the left side, showing the anal spot; B, 
from the ventral side, showing the vestibule en face ; arrows inside the body in- 
dicate the direction of protoplasmic currents, those outside the direction of 
water-currents caused by the cilia. 
an, anal spot ; c.u, contractile vacuoles ; /v, food-vacuoles ; w.v, water vacuoles ; m. 
mouth ; mac, macronucleus ; mic, micronucleus ; ce, oesophagus ; v, vestibule. The 
anterior end is directed upwards. 



Digitized by 



Google 



170 UNICELLULAR ANIMALS, 

about by currents in the entoplasm), and two very large contraO '^ 
t Ue vacuoles {c.v) occupying a constant posit ion, one near either 
end of the body. The nucleus (as in Infusoria generally) is 
differentiated into two distinct parts, viz., a large oval macro - 
mccleics (rruic.) and a much smaller spherical micronucleua (m ic.) 
(double in some species) lying close beside it. 

Unlike Amoeba^ Paramoecium possesses a distinct mouth (m ) 
and (Bsopha^tcs (ce) which open to the exterior through an oblique 
funnel-shaped depression known as the vestibule (v) situated at 
one side of the body. Minute floating food-particles are drawn 
by the cilia into the mouth and accumulate in a ciliary vortex a t 
the bottom of the oesophag us. From time to time a bolus or 
food-mass is thence passed bodily into the substance of the en- 
toplasm, forming a food-vacuol e within which digestion takes 
place. The i ndigestible remnants are finally passe d out not 
through a permanent opening or anus, but by breaking throu gh 
the protoplasm at a definite point, hence known as the a naZ 
spot^ which is situated near the hinder end (Fig. 87). The 
contractile vacuole s of Pa/ramuBcium are especially favorable for 
study, showing at the moment of contraction, or just before it, 
a pronounced star-shape , with long canals running out into the 
protoplasm. T hrough these liquid is supposed t o flow into the 
vacuole. 

Like Amceba^ Paramomum occurs both in an a/Mve and in 
an encysted state . In the f ormer state it multiplies by trans- 
yerse fission, division of both ma/jronucleus and micronuclevs 
preceding or accompanying that of the protoplasmic body (Fig. 
88, A). Under fa vorable conditions division may take place once 
in twenty-four hours, or even oftener. This process, which is a 
typical case of agaJnogene'sis,'mayT)e repeated again and again 
throughout a long period. But it appears from the celebrated 
researches of Maupas that even under the most favorable con- 
ditions of food and temperature the process has a lim it (in the 
case of Stylonichia^ a form related to Paramcecium^ this limit 
is r eached after about 300 s uccessive ^jsions). As this limit is 
approached the anmials become dwarfed, show various signs of 
degeneracy, and finally become incapable of taking food. The 
race grows old and dies. 

In nature, however, this limit is probably seldom if ever 
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reached, and the degenerative tendency seems t o be checked by 
a process known as cowjugation. In this process two individuals 
place themselves side by side, partially fuse together , and remain 
thus united for several hours (Figs. 88, jB, C\ During this 
union an exchange of nuclear material is effected , after which 
the animals separ ate, both macronucleua and micronv^leus now 



A ^ 

Fig. 88.— J.. Fission of ParamoRdum, <From a preparation by G. N. Calkins), tnoc, 
macronucleus ; mic^ micronucleus ; m, mouth. 

B. First stage of conjugation. The animals are applied by their ventral sur- 
faces ; the only change thus far is the enlargement of the micron uclei. 

C. Conjugation at the moment of exchange of the micronuclei (less magnified). 
The macronuclei are degenerating. Each individual contains two micronuclei 
(now spindle-shaped), one of which remains in the body, while the other crosses 
over to fuse with the fixed micronucleus of the other individual (After Maupas.) 

consisting of mixed material derived equally from both Individ* 
uals. Separation of the two animals is quickly followed b y 
fission in each . 

In eax?h individual th e macronucleus breaks up and disapp ears. The 
mi cronucleus of e ach divides^ twice, and of the f our bodies ihus^prqduced 
t hree disapp ear. The fourth divides aga i n in to two, one of which remains 
in the body, while the other crosses o ver and fuses with one of the micro 
nuc lei of the other individual, aft^r which the animals~separafe. This 
process being reciprocal, each individual now contains a micronucleus con- 
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taining an equal amount of material from each individual. Thisjmicro* 
n ucleus now divides twice and gives rise to four bodies, two of which be- 
come macronuclei and two micronuclei. Fission next occurs, and is there- 
after continued in tne usual manner. 



This is a process clearly a>nalogoii8 to the union of the germ - 
cells of higher animals. It cannot, however, be called gamo- 
genesis or even reproduction ; it is only comparable with one of 
the elements of gamogenesis. In the metazoon a fusion of two 



Fig. 89.— Gronp of VorticeUce, in various attitudes, attached to the surface of a 

water-plant. 

cells (fertilization) is followed by a long series of cell-divisions 
(cleavage of the ovum), the resulting cells being associated to 
form one new individual. In the Infusor ia temporary f usion 
(conjugation) is likewise f ollowed by a ser ies of cell-divisions, 
but the cells becom e entirely sepa rate, each being an individual. 
Vorticeiia agrees with Paramoecium in general structure, but 
differs in many interesting details, most of which are the expres- 



Digitized by 



Google 



THE BELL-ANIMALCULE. 173 



Tig. 90.— a single head of VorticeUa^ highly magnified, ca;, contractile axis of the 
stalk; c, cuticle; c.«, contractile vacuole; d, disk; ec, ectoplasm; en, entoplasm; 
ep, epistome ; /.r, food-vacuole ; m, mouth ; macy macronucleus ; mic^ micronu- 
cleus ; OB, oesophagus ; p, peristome ; i% vestibule ; ww, water- vacuoles ; x^ point at 
"Which epistome and peristome meet at one end of the vestibule. 
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eion of higher differentiation. The body is pear-sh aped or co ni- 
-cal, attached at its apex by a long slender stalk, "[tlie latter 
consists of a slender contractile axial jikmienU by means of 
. which the s talk may be thrown into a spir al and the b6dy drawn 
down^ and an elastic sheath (continuous with the general cuticle) 
by which the stalk is straighten ed (Fig. 90). The cilia are con- 
fined to a thickened rim, the peristome {p\ surrounding the 
base of the cone, which may be termed the dish. At one side 
the disk is raised, forming a projecting angle covered with cili a, 
and known as the epistome (ep) . At the same side the peristome 
dips downwards, leaving a space between it and the epistom e. 
This space is the vesi/ihule (v)^ and into it the mouth opens . In 
iLhkewise is situated an /x^^i Mpnt likft that of Pn.vnnm^.o.Q/ti^ 
The cilia p roduce a powerful vortex centering in the mo uth, by 
means of wMch food is secured. The macr#nucleu6 {ma(^ is 
long, slender, and horseshoe-shaped; the smalf^herical micr o- 
nucleus (Twic) lies near its middle portion. There is usually 
but one contractile vacuole . 

VorticeUa multiplies by fission, division of the protoplas m 
being accompanied by that of the macronucleus and micron u- 
■cleus (Fig. 91). The plane of fiss ion is vertical (thus dividing 
the peristome mto halves), but extends only through the m ain 
bo dy, leaving the stalk undivide d. At the close of the process, 
therefore, the stalk bears two heads. One of these remains 
attached to the original stalk , while the other folds in its peri- 
stome, acquires a second b elt of cilia around its middle (Fig. 91), 
breaks loose from th e stem, and swim s actively about as the s o- 
<?alled ^^ motile form. ' ' Ultimately it attaches itself by the base, 
loses its second belt of cilia, develops a stalk, and assumes the 
ordinary form. By this^process dispersal of the species is en- 
sured. Unde r ujifavorable conditions similar motile forms are 
often produced without previous fiss ion, the head simply acqu ir- 
ing a se cond belt of cilia, dropping off, and swimming away to 
eeek more favorable surroundings. Vortice Ua may becom e en- 
-cy sted, losing its peristome and mouth, becoming rounded in 
form, acquiring a thick membrane, and having no stalk. In 
this state it is said sometimes to multiply by en dogenous division^ 
breaking up into a considerable number ^of minute__rQnjided 
bodies^ {spores) each of which contains . a , fragment _ i)l_the 
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nucleus. These are finally liberated by the bursting of the 
membrane, acquire a ciliated belt, and after swimming for a 
time become attached, lose the ciliated belt, and develop a stalk 
and peristome. 

VorticeUa goes through a process of conjugation which has 
some interesting peculiarities. (1) Conjugation always takes 
place between a large attached individual (the macrogamete) and 
a much smaller free-swimming individual (the microgametej 



ctr 



C<7^^ 




Fig. 91.— Fission and conjugation of VorticeUa. A. Early stage of fission, showing 
division of micronucleus imic) and macronucleus (mac) ; p, peristome. (After 
BUtschli. ) 
B, G, D, Successive stages of flfesion ; in B and C the nuclei have completely di- 
vided and fission of the cell-body is in progress ; c.v, contractile vacuoles. In 
D fission is complete; the right-hand individual has acquired a belt of loco- 
motor cilia at x, and is ready to swim away. 
E. Conjugation of a fixed macrogamete (ma) with a free-swimming microgamete 
imi) ; p, peristome, ep, epistome. (After Greeff.) 

(Fig. 91 , ^. The microgamete is formed either by the unequal 
fission of an ordinary individual, the smaller moiety being set 
free, or by two or more rapidly succeeding fissions of an ordina ry 
individua l. (2) Conjugation is per ijaaneft^r- and (30111 plete, the 
body of the microgamete being wholly absorbed into that of the 
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macrogamece. Within the body of the latter, after compli cated 
changes, the nuclei fuse togeth er, and this is followed by lission. 
The analogy of conjugation to the fertilization oi tne egg is nere 
complete . The conjugating cells show a sexual differentiation, 
one being like the ovum, large and fixed, the other like the 
spermatozoon, small and mot ile. 

As in Paramoecium the macronuclei entirely disappear, fusion takes 
place between derivatives of the micronudei, and from the resulting body 
both macronuclei and micronuclei are derived. 



Euglena and Other Simpler Infusoria. Besides form^ like 
Pa/rammium and Vorticella which bear numerous cilia, there 
are many Infusoria which possess only one large lash oxfldgelltmi. 
Of these Euglena^ which is sometimes found in stagnant water, 
sewage-polluted pools, etc. , is one of the most interesting, inas- 
much as it c ontains chlorophy ll, possesses an '' eye-spot ^' of red 
pigment, and under certain conditions exhibits amoebiform 
movements. 

Compound or '* Colonial *' Forms. In a number of forms, 
closely related to Vorticella, the individuals {" zooids ") formed 
b y fission do not immediately separate, but remain for a ti me 
u nited to form a ^^ colony '^ which may contain hundreds of 
zooids. Zoothamnion, a common species, thus forms a beautiful 
tree-like organism, consisting of a single central stalk with nu- 
merous branching offshoots from its summit, each twig terminat- 
i ng in a zooid . The e ntire system of branclies is traversed"by a 
continuous contractile ax is. Carchesium is similar, but the ax is 
is interrupted at the beginning of each branc h. In EpistyUs 
the entire axis is non-contractile. 

Such colonial forms are of high interest as indicating the 
manner in which true multicellular forms may have arisen. 
From the latter, however, they differ not only in the fact that 
the association of the cells is not permanent j but in the absence 
of any division of labo r among the units. . 

.Physiology. Most Infusoria are true animals^ agreeing with 
Amoeba in the* essential features of their nutrition, and having 
the power to digest not only proteids^ but also carbohydrates and 
fats. PararruBGium an d VoriiceUa a re h erbivorous forms , 
feeding upon minute plants, and especially upon the bacteria* 
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Other forms are omnivorous (e.g., Stentor^ Bursaria)^ feeding 
both on vegetable and on animal food. Others still are car- 
nivorous and lead a predatory life, often attacking herbivorous 
forms much larger than themselves, precisely as is the case with 
carnivores among the mammalia. Thus the unicellular worl d 
rep roduces in miniature the essential biological relations o f 
higher types. 

It is a remarkable fact that some spec ies of Infusoria (e.g., 
Parammdum lursa/ria^ Vorticella viridis) contain numerou s 
chlorophyll-bodies embedded in the entoplasm. Much discu s* 
sion has arisen as to whether these bodies are to be regarded as 
an integral part of the animal, i.e,, differentiated out of its own 
protoplasm, or as minute plants living '' symbiotically ' ^ (i.e. as 
mess-matefe) within the animal. In the former case (which is 
the most probable) the animal would to a certain extent be 
nourished after the fashion of a green plant (cf. p. 148). 

It wiU now be clear to any one .who has carefully considered 
the phenomena described in the foregoing pages that the uni- 
cellular animals are ^^ organisms'^ by right, and not merely by 
courtesy. In s ome of the Infusor ia, for example, differentia- 
tion within the single cell may go so far as to give rise t o prim i- 
tive sense-organs (as in the case of the eye-spot of Euglena) ; a 
r udimentary oesophagus and definite mouth ( as in Param(Bcium 
and Vorticella) ; organs of locomotion {eilia^ fiagelld) ; organs 
of excretion (contractile vacuoles) etc., etc. 
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CHAPTER XIV. 

UNICELLULAR PLANTS. 

A. Protoooooiis. 

(Protoeoecus, Pleuroeoeeus, Chlorococcus, ffamatoeoceus, etc.) 

Fnicbllulab plants, like unicellular animals, are very com- 
mon, although as individuals mostly invisible on account of their 
microscopic size. In the mass, however, they are often visib le 
either as suspended or floating matter, causing ''jturbi^ty " in 
liquids (yeasty haeteria, diatoms y desmidsy etc.) or discoloration s 
on tree-trunks, earth, stones, roofs, and flower-pots. (Pro- 
tococcuSy Glceocwpsay etc.). 

Under the term Protococcus {nporo^y f^st^ kokko^^ berry) 
we may for our present purposes include a number of the simplest 
spherical forms, generally green in color and of uncertain affi n- 
ities in classification, but very similar in structure, living for the 
most part in quiet wa ters or on moist earth, stones, tree-trunks, 
or old roofs, or in water-butts, rooI^g uUcru, and \\iiS lit e. 
Sometimes the color which they exhibit is yellowish-green ^ 
sometime s bluish-green, and sometimes, though less often, reddish, 
according to the species. 

One of the commonest and most conspicuous is a species 
often seen on the shady side of old t ree-trunks w here, when 
abundant, it forms a greenish dust-like coating or discoloration, 
s carcely visible when d ry but becoming a rich bright green dur- 
ing prolonged rains or after warm showers. If pieces of bark 
covered with this form of Protococcus are moiste ned, the green - 
ish coating may be observed at any time . It is granular in tex- 
ture and a fter moi stening is easily loosened bjTft pitinfti s-hair 
brush. 

Morphology. Microscopical examination shows that the par- 
ticles detached consist of rounded yellowish-green cells o ccurring 
either singly or in groups of two, three, four^ or even more . 
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Each single cell is a complete individ ual, capabl^^ of carrying on 
an independent life. It fairly represents the green plant (such 
as Pteris) reduced to its lowest terms. (Fig. 92.) 

Like Ammha and the Infusoria Protococcus^ at least in some 
species, occurs both in a motile or active state in which it moves 
about, and a quiescent or jnon-motile state analogous to the en- 
cysted state of the unicellular animals. In the latter the motile 
or active state is the usual or dominant condition and the en- 
cysted state is rarely assumed. In Protococcus^ on the other 
hand, th e motile state is rare, and the ordinary activities of the 
plant are carried on in the non-motile state. 

.Structure. In structure Protococcus is a nearly typical cell 
(p. 22). It consists essentially of an approximately spherical 
mass of protoplasm enclosed within a t hin woody layer of cel lu- 
lose (ceU-wall or cell-membrane), and contains a single nucleus.^ 
It also includes one or more chlorophyll-hodies {chromatophores) 
(p. 126) by virtue ot which It is able to manufactur e its own 
f oods^ very much after the fashion of the green cells of Ir'tefts. 

In those forms which possess a motile s tage the latter con- 
sists of a spherical, egg-shaped or pear-shaped cell having ch ro- 
matophores and a membrane through which two flagella protrude . 
In the oval forms these are placed near the narrowed end of the 
ceU, and in all cases they are locomotor organ s and propel the 
cell swiftly through the water. (Fig. 92). 

Beprodnction. The ordinary method of reproduction in the 
unicellular plants, as in the unicellular animal^, is by cell-division. 
In ProtoGOCGus the sphere becomes divided by a partition into 
two cell s which eventually separate completely one from the 
other. Yery of ten, however, th e separation being incomplete 
or postponed until after each daughter-cell EarTirtTtr»--becQme 
divided, groups or aggregates of cells arise which suggest the 
first steps in the formation of tissue in the development of higher 
forms. In the end, however, separation is total and complet e, 
and each cell is therefore not a unit in a body, but is itself a 
body and an individual (see p. 156). (Fig. 92.) 

The daughter-cells thus produced are the young, or oflEspring, 
which have the power to grow and ultimately to divide in their 
turn. Under favorable circumstances generation may thus fol- 
low generation in quick succession. Each young^ cell is actually 
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Fig. 82.—Protococcus (PUurococcus) from the bark of an elm tree, in active vegeta- 
tion and showing aggregation into masses of cells. A, Pleurococcus in the dried 
condition. B, Ascococcus (?), showing endogenous division into two cells and (O 
into four. D, E, F, motile forms of Protococcua (after Cohn). 
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one half of the parent cell and contains a mooety of whatever 
that contained. Here, therefore, as in Amceha^ the problems 
of heredity, uncomplicated by the occurrence of sex, are reduced 
to their lowest terms. 

In some kinds of Protococcus the quiescent cells, und er 
special circumstances, which are not well understood, fflve ri se 
to the motile forms {z oospores) referred to above. Cilia, or 
rather flagella, are formed, and the protoplasmic mass with its 
included chromatophores swims actively about in the water. 
After a time these motile cells niay come to rest, lose their fla- 
gella and divide into two or more daughter-cells, each of which 
in its turn may become a motile cell and repeat the process, or, 
under other conditions, develop into the ordinary quiescent cell. 

In sonie species of Protococcus in which there is a motile 
stage another form of^ reproduction, a kind of rudimentary 
gamogenesis , has been observed. In this process two of the 
motile cells(gamete s) meet, fuse (conjicgation \ ]oftft thpiV {\si^}}a^ 
become encysted (see p. 161), and ultimately give rise to the 
ordinary cells of Protococcus, both non-motile and lYintilft, 
This process, however, has not yet been observed in the species 
under consideration. 

Physiology. Our actual knowledge of the physiology of 
Protococcus is very small. But the study of comparative plant 
physiology gives every reason to believe that the essential phys- 
iological operations of this simple plant are fundamentally of 
the same character as in the hi gher green plants, such as Pteris. 

jintruion. The income of Protococcus^ when growing in 
its natural habitat on tree-branches, moist bricks, and the like, 
is difficult to determine. But as it is able to live also in ordi- 
nary rain-water, we are able to set down its probable income 
under those conditions with some degree of accuracy. There 
is do doubt that it absorbs water and carbon dioxide by dif- 
fusion^ th rough the ce llulose wall, and that these substances 
are used in the manufac t uTe^of starch , which, if stored up, 
makes its appearance in the form of small granu les within the 
chromatophores. This process takes place_ only in the light an d 
thfougE~tEe agency of the chlorophyll, and is attended by a 
getti fig'TFee of o^gen precisely as in Pteris. Nitrogen is prob- 
ably derived from nitrates or ammoniacal compounds, minute 
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quantities of which are dissolved in the water, and other neces- 
sary salts (sulphates, chlorides, phosphates, etc.) aa well as free 
oxygen are procured fr om the same source. These substances 
may be derived from dust blown or washed by the rain into th e 
water, or from the walls of t he vessel. To the process of starch- 
making, attended by the absorption of CO, and H,0 and the 

*^^t^ liberation of O. the term ^^assimilation'' is gene rally given. 

* Like other plants, moreover, Protococcus probably breath es 

by absorbing free oxygen and setting free CO, ( respiration). 

The income and outgo of Protococcrus may then be displayed 
by the following diagram : 
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It should be understood that this only represents the broad 
outlines of the process and under the simplest conditions. It is 
quite possible that under other conditions Protococcus may use 
more complex foods. The facts remain, however, (1) that 
Protococcus is dependent on the energy of light; (2) that its 
action is on the whole constructive, resulting in the formation o f 
complex compound s (carbohydrates, proteids) out of simple r 
ones. In these respects it shows a co mplete contrast to A mcebay 
which is^ o n the whole destructive, br e aking down co mplex com- 
pounds into simpler ones, and is independent of light, since it 
derives ene rgy from the_po^ntial_energy of its food. The 
relations between Protococcus and Amceha are therefore an 
epitome of the relations between Pteris and Zumhricus^ and 
between green plants and animals generally. 

The Fundamental Physiological Properties of Plants. In con- 
sidering the physiology of Amoeba we ^ound it possible to re- 
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duce its vital activities to a few fundamental physiological proper- 
ties, namely, contractility, irritability, metabolism, growth and 
reproduction, common to all animals. A little reflection will 
show that the same properties are manifested also by Proto- 
coccus. Contr action and irritabilit y are diflScult to witness in 
the quiescent stage ot Protococcus^ but obvious enough in th e 
rarer motile forms. Metabolism, growth and reproduc tion^ on 
the other hand, are evident accompaniments of normal life, even 
in the quiescent condition. And precisely as Protococcus diffe rs 
f rom Amceba in respect to contractility and irritability , of which 
it possesses relatively little, so plants in general differ in these 
respects from animals in general. Animals are eminently con- 
tractile and irritable, while plants are but feebly specialized in 
these directions. On the other hand, as we have already seen 
in comparing Pteris with Lunibricvs (p. 154), and as we see 
once more in comparing Protococcus with Amoeba^ in respect to 
metabolism, the green plant is pre-eminently constructive , while 
the animal is preeminently destructive, of organic matter. 

liT'tli'eir modes ^T~nutrition, as stated above, Amoeba 

,and ProtoGOccus represent two physiological extremes. We 

pass now to the study of Yeasts and Bac teria, which are plants 

destitute of c hlorophyll and in a certain sense may belFegar ded 

as occupying a middle ground between the se extremes. 

Other Forms. There are innumerable species of unicellular green 
plants. - A vast group of peculiar brownish forms covered with transparent 
gl ass-like cells composed of siliceous mat erial is known as the Diat o^ ' 
macece or diatoms. In these the chlorophyfl is masked by a brown pig- 
ment, but is nevertheless present. Another group is that known as the 
Desmidice or desmids. These often have the individual cells peculiarly 
constricted in the m iSdle so that at first sight the two halves appear to be 
two separate ce lls. "Uore" closely resembling I¥ofecoccw5~in "many "respects 
are some members of the Cyanoyhycece or "blue-green algae," among 
which Chrodeocctis an d Glceocapsa diff er from Protococcus chiefly, in the 
former case, in having a blue-green instead of a yellow-green pigment , 
and, in the l atter, not only in this respect, but also in the fact that t^e 
single cells are widely separated by transparent mucilage. 
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CHAPTEE XV. 
UNICELLULAR PLANTS {Continued). 

B. Yeast. 

(Saccharomycea.) 

Under the general name of yemt are included some of the 
simplest forms of vegetal life. Some yeasts are ^^wild,'' liv« 
ing upon fermenting fruits or in fruit juices^ a nd commonly 




Fig. 93.— Yeast-ceUs. Brewer's (top) yeast actively vegetating. The large internal 
vacuoles and the small fat-drops are shown, as are also buds, in various stages of 
development, and the cell- wall. Nuclei not visible. (Highly magnified.) 

o ccurring in the air ; others are ^^domesticated,'' or cultivate d, 
sujcL-^.thosfiJCfigularly employed in brewing and in bakins^. 

If a bit of "yeast-cake " (either "compressed "or " dried" 
yeast) is mixed with water, a milky fluid is obtained which 
closely resembles the so-called baker's or brewer's yeast. 
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Microscopical examination proves that the milky appearance 
of liquid yeasts is due chiefly to the presence of myriads of 
minute egg-shaped suspended bodies, and that pressed yeast is 
almost wholly a mass of similar forms. These are the cells of 
yeast ; which is therefore essentially a mass of u nicellular organ- 
jsms. For reasons which will soon appear yeast is universally 



Fig. 94.— Yeast-cells. Brewer's (bottom) yeast showing structure— protoplasm, cell- 
walls, vacuoles, fat-drops. (Nuclei not shown.) 

regarded as a plant, and the single cell is often spoken of as the 
yeast-plant. 

Morphology. The particular yeasts which we shall consider are 
the common cultivated forms of com- 
merce. The cells of an ordinary cake 
of pressed yeast are sp herical, sphe- 
i^ ^aly or egg-shaped in form, and con- , 
sist of a m ass of protoplasm enclose d 
within a ^:ell-defined cell-wall. By 
appropriate treatment the latter may 
be shown to consist o f cellulose; and 
it is distinctly thicker in old or resting fi«- 95.-Spores of Yeast (As- 

, •* • . ® oospores). Four spores in a cell 

cells than m young ones or those Vlg- of brewer's yeast (Socc/icwowyces 

orously growing. Within the granular cereri^to). 

protoplasm {cytoplasm) are usually a number of vacuoles (con^ 

taining sap) and m inute s hining dots (probably fat-droplets), but 
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no chlorophyll is pres ent and no starch. Until recently the yeast- 
cell was supposed to be destitute of a nucleus, but it isnow known 
that each cell probably possesses a large and characteristic nucleus. 
This, however, can be demonstrated only by special reagents and" 
is rarely or never seen in the living cell (Fig. 96). 

Eeproduction. The ordinary mode of reproduction of yeast 
is by a modification of cell-division called hudding. Under 




Fig. 96.— The Nuclei of Yeast-cells and the Process of Budding, (Drawn by J. H. 
Emerton from specimens prepared by S. C. Keith, Jr.) The upper left-hand figure 
shows the nucleus in a specimen treated with Delafl eld's hsematoxylin. The 
other figures in the upper row and those in the lower (from left to right) show 
cells in successive stages of budding, together with the appearance, position, and 
movements of the nucleus. It will be observed that the bud is formed before the 
nucleus divides. (Iron-hsematoxylin method.) 

favorable circumstances in actively growing yeast a local bulg ing 
of the wall takes place, usually near, but not precisely at, one 
pole of the cell. Pr otoplasm presses into this d ilatation or 
" bud " and extends it still further. At this time we have still 
but one cell, although it now consists of two unequal parts and 
the separation of a daughter-cell is clearly foreshadowed. Event- 
ually the connection between the two parts is severed and the 
daughter-cell or ' ' bud ' ' is detached from the original or parent- 
cell ; but detachment may or"may not occur until after the bud 
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has begun to produce daughter-cells in its turij, and niore than 
one bud may be borne by either or both parent- or daughter- 
cells. In very rapid growth the connection may persist between 
the cells even during the formation of several generations of 
buds ; but this is imusual, and in cases where a number of cells 
remain apparently united together forming tree-like forms there 
is often no real connection,, the cells separating readily on agita- 
tion. 

Endospores (Ascospores). - Some yeasts in addition to the 
method of reproduction by budding exhibit another mode known 



Fig. 97.— Spores of Yeast (Ascospores). Three- and two-ceUed stage of spore for- 
mation in S. cerevisice. 

as endogenou s division or ascospore formation . Under certain 
circumstances not yet entirely understood there are formed 
within the yeast-cell two, three, or four rounded shining spores. 
These become surrounded by thicF" walls and tlms give rise 
eventually to a group of daughter-cells within the ori ginal cellu- 
lose sac . To the latter the term ascus (sac) Iias been'apphed, 
and to its contained daughter-cells the term ascospores. 

It is not yet allowed by all botanists that this terminology, which im- 
plies a relationship of yeasts to the Ascomycetous fungi, is sound ; but it 
is commonly used. 

Each ascospore is capable under favorable circumstances of 
sprouting and starting a new series of generations of ordinary 
yeast-cells. It should be particularly observed that the endo- 
spores of yeast are reproductive bodies, and that the process of 
their formation is o ne of multiplicatio n — not merely one of de- 
fence or protection, as is tne case wilh the' so-called *^gpOl*gs_' ' 
oflSacferia described beyond^. 194). 
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Physiology. Like all other organisms the yeast-plant occu- 
pies a definite position in space and time; it possesses an en- 
vironment with which it must be in harmony if it is to live, 
from which it derives an income, and to which it contributes an 
outgo of matter and energy ; it manufactures its own substan ce 
from foo ds {anaholism)^ and like all living things it wastes by 
oxidation of its substance {katabolism). It is not obviously con- 
tractile or irritab le, but it is highly metabolic and reproductiv e. 

Yeast and its Environment. Yeast is an aquatic form, and, 
as might be supposed, cultivated yeast thrives best in its usual 
habitat, the juices of fruits, s uch as apples or grapes, and the 
watery extracts of sprouted se eds, such as barley, corn, and 
rye (wort, mash, etc.). It lives, however, more or less success- 
fully in many other places (such as the dough of bread), and can 
even endure much dryness, as is shown by the commercial 
''dried -yeast." It appears to prefer a temperature from 
20° to 30° C . ; it is usually killed by boilin g, but if dried, it can 
endure high temperatures. Its action is iiiliibited By very low 
temperatures, but like most living things it e ndures low tempe r- 
atures better than high. It is killed. by many poisons (anti- 
septics). 

Income. Owing to its industrial importance yeast has been 
perhaps more thoroughly studied in respect to its nutrition than 
any other unicellular organism. And yet it is impossible to 
give accurate statistics of its normal income and outgo. It is 
believed that the or dinary income of a yeast-cell living in wo rt 
(the watery extract of s prouted barley -grains) consists of a^ dis- 
solved oxygen ^ ^nitrogenous hod ies allied to proteids, but diffus i- 
ble a nd able to pass through the cellulose wall ; ^ , carbohydrate s^ 
esjpecially sugary matters / and d ^ sa lts oi various kinds. 

It was supposed for a long time by Pasteur and others that 
yeast could dispense with free (dissolved) oxygen in its dietary. 
It now appears that this faculty is temporary only, and that if 
yeast is to thrive it must, like aU other living things, be sup- 
plied, at least occasionally, with free oxygen. 

Metabolism. Out of the income of foods just described yeast 
is able to build up i ts own peculiar protopl asm {anaholwm\ and, 
doubtless, to l ay down the d roplets of fat which often appear in 
it. There is good reason to believe that its substance also breaks 



Digitized by 



Google 



NUTRITION OF TEA8T. 189 

down, with the produc tion of carbon dioxide, water, and nitro- 
genous waste {katadolism)^ and the concomitant liberation of 
energy. The work to be done by the yeast-cell is plainly 
limited. The manufacture of new and of surplus protopla sm 
and the protrusion of buds require work, partly chemical,. 
j)artly mechanical ; but most of the hberated energy probably 
appears as heat. In point of fact, great activity of yeast is 
accompanied by a rise of temperature, as may beproved by 
placing a thermometer in " rising " dough or fermenting fruit- 
juice. 

Outgo. Barring th e oi^tgo of energy already mentioned, and 
the probable excretion of carbon dioxide and nitrogenous was te, 
but little can be said concerning the outgo of a yeast-cell. The 
ordinary excretions are so masked by the presence of foreign 
matters in the liquids which yeast inhabits that little is known of 
the real course of events. To the consideration of conditions 
which entail these difficulties we may now pass, merely pausing^ 
to caution the student against the supposition that the evolution 
of carbon dioxide in f ennentations represents to any great ex - 
tent the normal respiration of the yeast cells. 

Mineral Nutrients of Yeast. It has been shown (pp. 148, 181) 
that Ptevis and Protococcus^ inasmuch as they possess chloroph yll 
can live upon simple inorganic matters such as CO,, H^O , and 
nitrates, out of which they are able to manufacture for the m- 
selves energized foods such as starch . Yeast is unable to da 
this, as might be supposed from the fact that it is destitute of 
chlorophyll. And yet yeast does not require proteid ready- 
made as all true animals do, for experiments have shown that it 
can live and gro w in a liquid containing only mineral matters 
plus some such compo und uX nitrogon aa amm o nium tarh ' fltg, 
(C^H/NHJaOg). Upon a much less complex organic comp ound 
TT^ Hitrogen such as a nitrate it cannot thrive, thus showmg its 
. inferiority in constructive power to Prot ococcus and all green 
plants, on the one hand, a nd its superiority to Amoeba and a ll 
animals, on the other. 

Pasteur's fl uid, composed of water and salts, amoDg whi ch is ammonium 
tartrate (above), will suffice to support y east. It wi U support a much mor e 
— ^rigorSus growth if s ugar be added to i t. But if ammonium nitrate is sub- 
stijajtedrier-afiimomum tartrate yeast will refuse to grow in the fluid. 
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Yeast is a Plant. Th e superior constructive faculty of yeas t, 
just described, separates it fundamentally from all anima ls in 
respect to its physiology, and allies it closely to all plants. Its 
in feriority to the chlorophyll-bearing plants or parts of plants, on 
the other hand, in no wi se separates it fundamentally from 
plants ; for it must not be forgotten that the power^ even of 
p lant-cells to utilize mineral matters as raw materials- and from 
them to manufacture foods like starch, ordinarily resides exc lu» 
sively in the chlorophyll bodies, and is operative only in t he 
presence of ligh t. It foUows, therefore, that most of the cells, 
even of the so-called green pla nts, and a considerable portion of 
the contents of the so-called green cells, must be destitute of 
this synthetic power. Considerations of this kind show how 
exceedingly localized and special the starch-making function is, 
even in. the "green" plants; and yeast probably compares very 
favorably in its synthetic powers with many of the colorless cells 
of such plants, or even with the colorless protoplasmic portions 
x>i chromatophore-bearing cells. 

But yeast is vegetal rather than animal, morph olofflcaUy as 
well as physiologically . Its structure more nearly resemble s 
that of some undoubted plant s (fungi) than any animal. Its 
wall is composed of a variety of cellulose, called fungus-cellulos e ; 
•and cellulose, though occasionally occurring in animal structures, 
is, broadly speaking, a vegetal compoim d. Finally, in its 
methods of reproduction by budding, and by spores, yeast is 
allied ra ther to plants than anima ls. 

Top Yeast. Bottom Yeast. In the process of brewing two well- 
marked varieties of yeast occur, known as *' top" and ** bottom'' yeast. 
The former is used in the making of English ale, stout, and porter ; the 
latter in the making of German or ** lager " beer. The top yeast is culti- 
vated at the ordinary summer temperature of a room, wi thout special at- 
tention to temperatur e ; th e latter in rooms artificially cooled so that even 
in summer, icicles often hang from the walls. The two yeasts also show 
obvious differences in form, size, and structure ; and how much they must 
differ in their function is plain from the very different products to which 
they give rise. 

Wild Yeasts. Besides the commercial or cultivated yeasts there are 
-also wild yeasts, and to them are due in the main the fe rmentations of 
apple -juice, of grap e-juice, and other fr uit juices. A drop of sweet cider 
shows under the microscope a good example of one of these species ; and 
Pasteur long ago proved that the outer skins of ripe grapes and other fruits 
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are apt to harbor yeast-cells in the dust which lodge s upon them . More 
recently it has been shown tha Fwild yeasts ofteji live under apple-trees 
upon the surface of the earth . In a dry time the wind easily lifts the dust 
containing them and conveys them over great distances (cf. AmoBha^ 
Infusoria, etc.). The domesticated yeasts of to-day are probably th e de- 
scendants of similar wild ye asts. ' 

Red Yeast. One of the finest of the wild yeasts is the so-called " red 
yeaat, " which is furthermore very easy to study. Red yeast, and many 
others not red, grow lu xuriantly upon a jelly, made by thickening bee r- 
wort with common gelatine . In this way '*pure" cultures— that is, cul- 
tures free from other species of yeasts, or bacteria, and consisting of one 
kind only — can be easily made and studied. The microscope shows that 
the cells of red yeast, which form red dots upon such jelly, are not them- 
selves colored, but the nigmient appears to lie between the cell s, as in the 
case of the ** miracle germ " (BaciUtis jprodigiosus). 

Fermentation. To the processes where yeast is employed to 
produce chemical changes in various domestic, agricultural, and 
industrial operations the term fermentation^ or more often 
alcoholic fermentation^ is applied. In the " raising" of bread 
or cake, in brewing, cider-making, etc., yeast acting uTX)n 
sugar produces from it an abun dance of alcohol and carbon 
dioxid e. Both products are sought for in brewing, and carbon 
dioxide is especially desired in bread-making. 

But alcoholic fermentation is only one example of a large 
class, and yeast is only one of many ferments. We may, there- 
fore, postpone further consideration of fermentation to the next 
chapter. 

Related Forms. It has been shown by the researches of Hansen that 
ordinary commercia l yeast is seldom one single spec ies, as was formerly 
supposed, but rathef^a mixture of several species. It is therefore no 
longer safe to speak of commercial yeast as 8acckaromyces cerevisice, unless 
careful examination by the modern methods has shown it to be such ; and 
to determine what species exist in any particular specimen is often a labori- 
ous and difficult matter. 

Inasmuch as the natural position of yeast in the vegetal kingdom is 
not established beyond all doubt, it is impossible to state precisely what 
are its near relatives. There are numerous unicellular colorless plants, but 
they are not necessarily closely related to yeast ; and the student must not 
conclude for plants any more than for animals that because an organism 
umcelTular it is necessarily at the very Dottom of the scale of life. 
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UNICELLtJLAR PLANTS (Continued). 

C. Bacteria. 

(Schizomycetes.) 

The smallest, and the most numerous, of all living things a re 
the bacteria. Bacteria occur almost everywhere : they are lifted 
into the atmospher e as dust particles, in it they float and with its 
currents they are driven about; water — ^both fresh and salt — 
often contains large numbers of them ; and the upper layers of 
the soil teem with them. But they are most abundant in lij[ uids 
containing dissolved organic matter s, especially such as have stood 
for a time — ^for example, stale milk and sewage, these fluids 
often containing millions of individual bacteria in a single cubic 
centimetre. 

In respect to their abundance in the surface layers of the 
earth (one gram of fertile soil often containing a million or more), 
and the work which they do there in producing the oxidation of 
organic matters and changes in the composition of the so il, bac- 
teria may well be compared with earthworms (cf . p. 42). They 
are also of much general interest because some are what are 
known as "disease-germs." Most bacteria, however, are no t 
jHirasitic^ but saprophytic^ i.e., live upon dead organic matter s, 
and therefore are not merely harmless, but positively useful in 
rendering back to the inorganic world useless organic matter s. 
Some species such as the v inegar bacteria are commercially 
important. 

In systematic botany bacteria constitute a well-defined group, 
the Schizomycetes {Jissimi-fungi)^ their near allies being the 
Cyanoph ycecB or " blue-green alg ae. ' ' 

Morphology. Under the microscope bacteria appear as 
minute rods {Bacill i) (Fig. 98), balls {Cocci ) (Fig. 100), or spii'als 
{Spirilla) (Fig. 104), sometim es at rest, but often, at least in 
the'^ase of the rods and spirals, in active motion. Little or no 
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structure can be made out in them by the begmner, to whom 
they usually appear at first sight like pale, translucent or watery 
bits of protoplasm. Investigation has shown, however, that they 
possess a cell- wall (probably composed of cellulose) and a n on- 
homogeneous protoplasm . Unlike Protococeus^ but like yeast- 
cells, the cells of bacteria contain no chlorophyll . Nuclear mat- 




Fio. 08. » Bacillus Megaterium. 
Bods (unstained) in various 
aggregations as commonly seen 
with a high power after their 
cultivation in bouillon and 
whUe rapidly growing and mul* 
tiplying by transverse divi* 
sion. 




Fio. 09.— BociZM /roi» 
Hay Infusion (unstain* 
ed). The filaments at 
the left in a condition 
of active vegetation. 
The middle filament 
forming spores. The 
filament to the right 
contains five spores 
enclosed in otherwise 
empty cells, the walls 
of which bulge, proba- 
bly from the absorp- 
tion of water. 



terj a present, either scattered about, or, if the views of Biitschli 
be accepted, composing most of the protoplasmic body itself. 
Many bacteria bear appendage s in the shape of flagella or 
cilia; but these can only be demonstrated in special cases, and 
by special methods. They are believed to be locomotor organs, 
and in some cases have been seen in active motion (Fig. 103), 
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The minnteness of bacteria is extraordinary. Many baci lli are 
not more than .005 mm. (ttAtt inch) in length or more than . 001 
mm. (yrJUir inch) in breadth. Some are very much smalle r. 

Most bacteria are at some time free forms ; but like other 
unicellular organisms many of them have the power to pas s 
fro m a free-swimming {swarming) into a quiescen t {resting) 
cond ition. In the latter some undergo a peculiar change, in 
which the c ell- wall becomes mucilaginou s, and by th e aggreg a- 
tion of numerous individuals or by repeated division lumps of 
jelly-like consistency {zoogloea) arise. If the jelly mass takes 
th e shape of a sheet or membranous skin (as happens in th e 
mother-of- vinegar), it is sometimes described as Mycoderma 
( fungyS'sTcin) (F ig. 102). 

Seprodnction. The bacteria increase in numbers solely by 
transverse division. Growth takes place and is followed by trans- 
verse division of the original cell, usually into halves. Each half 
then likewise grows and divides in its turn. In this way multi- 
plication may go on in geometrical progression , and with almost 
incredible rapidity. It has been stated that such repeated divi- 
sions may fol low only an hour apar t, and on this basis it is easy 
to compute the enormous numbers to which a single cell may 
give rise in a single day. 

If separation after division is complete, strictly unicellu lar 
forms arise. If actual separation is postponed, long rods, chains , 
jttue, or plates (in the case of cocci) 

f 1 may appear. Different names 



"*««nV 



f"'^'>^"*\ are given to the resulting forms, 

C i *-*^»v.\- ^-^ Streptococcus is a moniliform 

"*--.^<;*.4 I ^^^^^ or necklace-like arrangement ; 

; /**"'''" f \ ( — \ Staphylococcus^ single cocci ; 

...•••V'J**/*' *VA'f '^ — y^ DiploccocGus^ cocci in pairs; 

\ f \^ / ) (^ ^^^-^ Leptothrix, a filament o f ^ 

''"\ttx<^ *C>1!** { \ (^ — ' bacilli; Sa/rcina. a plate of. ^^--^ 

••.....« I n^ Cj cocci re semblmg a carxL-o^Hbls-. 

*'*"'*'**' cuit, or two or more cards 

Fig. 100— Micrococci Fio. 101.— Short j . . 

(unstained) from hay Bacilli (un- SUperpOSCd ; CtC. , CtC. 

Infusion. stained) from Spores. Some bacteria pro- 

hay infusion. / t 

duce so-called spores [endO' 
spores) in the following way: The contents of the cell 
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Fig. 102.— The Mother-of- 
Vinegar. The edge of a 
film of zoogloea of mother- 
of-vinegar as it appears 
under a high power. The 
bacteria are seen imbedded 
in the jelly which they 
have secreted. 



withdraw from the wall and condense into a (usually oval) 
mass at one end of the cell, leaving the rest of it empty 
It is at this time that the cell-wall 
is best seen. The condensed mass 
now becomes dark and opaque, appa- 
rently from the deposit upon itself of a 
greatly thickened and peculiar wall; it 
refuses to absorb stains which the origi- 
nal cell would have taken, and becomes 
exceedingly resistant to extremes of 
heat, cold, and dryness (Fig. 105). To 
these spores the Germans give the 
excellent term Dauersporen^ i.e., 

enduring 
spores^ 
often called 
resting spores. When brought under 
favorable conditions, these sprout 
and, the ordinary bacterium cell 
having been produced, growth and 
fission proceed as before. Obviously 
these spores are very different in 
function from those of Pteris (p. 
130), since they are protective 
merely, and not reproductive. They 
correspond, doubtless, to that phase 
of animal life which is known as the 
' ' encysted ' ' state. Another mode 
of spore-formation in bacteria is that 
known as the production of a/rihro- 
spores^ in which a long slender cell 
may become constricted and detach 
daughter-cells from one or both ends. 
This is obviously a special case of 

Fig. 103.-Ciliated Bacteria. The unequal CcU-division, but if it CxistS 

"^""LloT^Z^^ZtZ^l at all (which has been doubted) it 
byS.c.Keith, Jr. Drawn by J. H. clearly approaches agamogenesis 

Emerton.) . , /. r>^ • 

m such forms as Fter%8, 
Physiology. Income^ Metabolism, and Outgo. The bacteria 
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show a surprising diversity in the precise conditions of then* 
nutrition, and it is tlierefore difficult to make for them a 
satisfactory general statement. As a group, however, and dis- 
regarding for the moment certain important exceptions, they are 
to be regarded as colorless plants living for the most part upon 
complex organic compounds from which they derive their in- 
come of matter and energy and which they decompose into 

simpler compounds poorer in poten- 
tial energy. In so doing they 
bring about certain chemical 
changes in the substances upon 
which they act which are of the 
highest theoretical interest, and 
sometimes of great practical im- 
portance. Perhaps the most pecul- 
iar feature of the physiology of 
bacteria is the fact that while they 
are themselves individually invisi- 
ble, they' collectively produce very 
Fig. i04.-SpiriUum unduia. Spiral conspicuous and important changes 
bacteria deeply stained. Drawn ]j^ their environment. For cxam- 

from the first photographic repre- . , r, j. • 

sentation of bacteria ever pub- plC, Vinegar bactcria act UpOU 

lished, viz that of Robert Koch, alcohol (in cidcr, etc.) and by a 

in Cohn's Beitraflfc, 1876.) ^ , ' ^ *^ 

process of oxidation slowly convert 
it into acetic acid and water, thus : — 

C,H.O + O. = C.H A + H,0. 

Here it is not the bacteria that are most conspicuous, but the 
effect which they produce. It is clear that the alcohol can be 
only one factor in the nutriment of the organism, because it 
contains no nitrogen, and the above reaction cannot represent 
more than a phase in the nutrition of the bacterium. That this 
is indeed the case is proved by the fact that if the conditions be 
somewhat changed the same bacteria may go further and convert 
the acetic acid itself into carbonic acid and water : — 

C,H,0, + O, = 2C0, + 2H,0. 

Chemical changes of this kind in which the effect upon the en- 
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vironment is more conspicuous than, and out of all proportion to, 
the change in the agent are in some cases known as fermen* 
tations^ and the agent effecting the change is described as a 
ferment. Some ferments are organized or living^ and some are 




\2 
ABC ' ' O 

FlO. 105.— BaciUus megaterium (X 600), Spore formatioa and genninatton. A^ 
a pair of rods forming spores, about 2 o^clock p.m. B, the same about an hour 
later. 0, one hour later stilL The spores in C were mature by evening ; the one 
apparently begun in the third upper cell of A and B disappeared ; the cells in 
which did not contain spores were dead by 9 p.m. D, a five-celled rod with three 
ripe spores, placed in a nutrient solution, after drying for several days, at 12.30, 
P.M. £7, the same specimen about 1.90 p.m. F, the same about 4 p.m. 6, a pair of 
ordinary rods in active vegetation and motion, (After De Bary.) 

unorganized or lifeless. Of the former the vinegar bacterium 
and yeast are good examples. Of the latter the digestive fer- 
ments, like pepsin^ ptyalin^ and trypsin^ and certain vegetal 
ferments, like diastase of malt are familiar instances. 

As a rule the bacteria seem to prefer neutral or slightly 
alkaline nitrogenous foods. They therefore decompose more 
readily meats, milk, and substances (such as beef-tea) made of 
animal matters ; less readily acid fruits, timber, etc. If in the 
course of their activity they decompose meats, or fish, eggs, etc., 
with the production of evil-smelling gases or putrid odors, the 
process is known 9& putrefaction. Rarely, bacteria invade the 
animal (or plant) body and act upon the organic matters which 
they find there. In such cases disease may result, and the 
bacteria concerned are then known as disease germs. 

But while bacteria appear to prefer highly organized nitrog- 
enous (proteid) food, they are by no means dependent upon it. 
Experiments have shown that many species can thrive upon 
Pasteur's fluid, a liquid containing only ammonium tartrate and 
certain purely inorganic substances ; and one bacterium, at least 
(the '^nitrous"), according to Winogradsky, can thrive upon 
ammonium carbonate. If this proves to be true for other spe- 
cies, it will show that bacteria can not only obtain their nitrogen 
from the inorganic world, but their carbon also. Enough has 
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been said already to prove that the bacteria are plants, for only 
plants can live upon inorganic food. But if the experiments 
just referred to are correct, bacteria are not only plants, but, in 
spite of their lack of chlorophyll, some at least appear to be 
able, like green plants to manufacture their own food out of 
the raw materials of the inorganic world. The importance of 
this fact in studies of the genealogy of organisms is very great, 
for we are no longer obliged to suppose all chlorophylless plants 
to be degenerate forms. They may have been the primitive 
forms of life. 

As was the case with yeast and Protococcus^ it is extremely 
difficult to make any precise statement concerning the income or 
outgo of bacteria. It is believed, however, that the income ' 
always includes salts and water, and the outgo COajH^O and 
some nitrogenous compound or, possibly, free (dissolved) nitro- 
gen. In more favorable cases the income appears to include 
proteids, fats, and carbohydrates or their equivalents. Sugar i& 
freely used under some circumstances ; and fats (when saponified) 
and proteids peptonized, or otherwise altered, might readily be 
absorbed. It is probable that soluble ferments are excreted by 
the bacteria, which dissolve, and make absorbable, solid matters, 
such as meat or white of egg ; and if this is true, bacteria exhibit 
a kind of external digestion. However this may be, it is certain 
that bacteria can live and multiply upon an amount of food ma- 
terials so small as almost or quite to elude chemical analysis ; and 
it is fair to say that they are among the most delicate of all 
reagents. 

It must not be inferred from what has been said above that bacteria are 
always oxidizing agents. Broadly speaking and in the long run they are 
such, and in this respect they resemble animals. Like the latter they are 
unable (because of want of chlorophyll) to utilize solar energy, and there- ' 
fore must obtain their energy by oxidizing their food. Yet under certain 
circumstances bacteria act as reducing agents, as, for example, when they 
reduce nitrates to ammonia. This action only takes place, however, in 
the presence of organic matter, and appears to be merely an incidental 
effect, the oxygen of the nitrate being needed for the oxidation of carbon. 
What at first sight appears to be an exception, therefore, proves in the end 
to be a part of a general law that bacteria, like animals, are oxidizing 
agents, are dependent for their energy upon the potential energy of their 
foods, and are unable to utilize solar energy (p. 104). 
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It has recently been shown that many bacteria under circumstances 
otherwise favorable are killed by exposure to sunlight. 

Related Forms. According to our present ideas of classification the 
bacteria form a somewhat isolated group, their nearest relatives being the 
slime-moulds (Myxomycetes) and especially the Myocdbacteria of Thaxter, On 
the one hand, and the Cyanophyceo^ the ** blue-green" or "fission" algae 
on the other. Neither of these, however, need be considered here. 

Why Bacteria are Considered to be Plants. The bacteria were 
formerly regarded as infusorial animalcules (because they abound 
in infusions, and many have the power of active movement). 
They are still regarded by some as animals. Most biologists, 
however, regard them as plants, because they can live without 
proteid food (which no animal, so far as known, can do), and 
because in their method of reproduction and in their growth- 
forms they more nearly resemble the Cyanophycece than they do 
any animal. There is also reason to think^that their cell- wall is 
. composed of cellulose. 

Bacteria and their Environment. The relations of organisms to tem^ 
perature and moisture have been more thoroughly studied for the bacteria 
than for any other unicellular organisms on account of their bearing upon 
modern theories of infectious disease. In general, temperatures above 
70** C. are fatal to ordinary bacteria. In general, as is shown by common 
experience with the '* keeping" of foods in cold storage, bacteria are be- 
numbed but not killed by moderate cold. But in special cases, particu- 
larly when they are dried slowly, bacteria may withstand even prolonged 
boiling or freezing or the action of poisons, so that the removal or destruc- 
tion of the last traces of bacterial life is often very diflScult. 

Sterilization and Pasteurizing. The removal of all traces of living 
matter from any substance, and in particular the destruction of all bac- 
terial life, is known as sterilization. To free orgaific substances from the 
larger forms of life is a comparatively easy matter; but bacteria are so 
minute and so ubiquitous that scarcely anything is normally free from 
them, and they are so hardy that it is exceedingly difficult to destroy them 
without at the same time destroying the substances which it is desired to 
sterilize. They are not normally present in the living tissues of plants or 
animals which are sealed against their entrance by skins or epithelia ; but 
after these are broken or cut open (as in wounds) bacteria speedily invade 
the tissues. Ordinary earth, as has been said above, teems with bacteria, 
which are easily dried and disseminated in dust driven by the wind. What- 
ever is in contact, therefore, with the air or exposed to dust or dirt is never 
free from bacteria, and meat or milk which in the living animal are nor- 
mally sterile, if exposed to the air soon become contaminated with bacteria. 
Sterilization (such as is required to preserve canned goods ^ for example) 
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may be effected by heat and continued, after cooling, by exclusion of 
germ-laden air. Disinfection^ which is the destruction of bacterial life by 
powerful poisons, is another form of sterilization. Still another is filtra- 
tion through media impervious to germs, such as occurs in the well* 
tnown clay, or porcelain, water-filters. In the last case the pores of the 
filter are large enough to allow the water very slowly to pass, but too small 
for the bacteria. 

In some cases, especially those in which disease-producing (pathogenic) 
germs may be present and yet it is impossible to use poisons and undesira- 
ble to use a high temperature, Pasteurization is resorted to. This con- 
sists in heating to a temperature (usually 75° 0.) high enough to destroy • 
the particular pathogenic germs supposed to be present, but not high 
enough to alter the digestibDity or other valuable properties of the liquid 
in question. 

For the medical, economic, and sanitary aspects of problems relating 
to the bacteria, reference must be had to the numerous treatises upon 
Bacteriology, perhaps the youngest, and certainly one of the most impor- 
tant, of the biological sciences. 
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CHAPTER XYII. 
A HAY INFUSION. 

If a wisp of hay is put into a beaker of water and the mix- 
ture allowed to stand in a wann place there is soon formed what 
is known as a ha/y infusion. Microscopical examination of a 
drop of the liquid at the end of the first hour or two reveals 
little or nothing, and if the beaker be held up to the light the 
liquid appears clear and bright. But after some hours a marked 
change is found to have taken place. The liquid, originally 
clear, has become cloudy, and a drop of it examined microscop- 
ically will be found to be swarming with bacteria. A day or 
two later, the cloudiness meanwhile increasing, the microscope 
generally reveals not only swarms of bacteria, but also numerous 
infusoria. At the same time the color of the Uquid has deep- 
ened, it begins to appear turbid, a scum forms on the surface, 
and the odor of hay, which was present at the outset, is replaced 
by the less agreeable odors of putrefaction. The simple ex« 
periment of bringing together hay and water has, in fact, set iu 
motion a complicated series of physical, chemical, and biological 
phenomena. 

The Composition of a Hay Infasion. A hay infusion consists 
of two principal constituents, hay and water. But neither of 
these is chemically pure. Hay is only dried grass which for 
weeks, and even months, was exposed in the field to wind and 
dust. Covered with the latter — often the pulverized mud of 
roads and roadside pools — ^hay is richly laden with dried bacteria 
and other micro-organisms; while water, such as is ordinarily 
drawn from a tap, frequently contains not only an abundance of 
free oxygen and various salts in solution, but also numerous bac- 
teria, infusoria, algae, diatoms, and other micro-organisms in 
suspension. In the making of a hay-infusion, therefore, numer- 
ous factors co-operate, and a series of complicated reactions 
follow one another in rapid succession. At the start both 
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hay and water are in a state of comparative rest or equilib- 
rium, but upon bringing them together action and reaction 
begin. First, the dust on the hay is wetted and soaked, 
and any micro-organisms in it or adhering to the hay are set free, 
and float in the water ; next, the water finds its way into the 
stems and leaves of the hay, causing them to swell and resume^ 
their original form. At the same time various soluble constitu- 
ents of the dead grass, such as salts, sugars, and some nitrog- 
enous substances, diffuse outward into the water, while from 
such cells as have been crushed or broken open during drying 
or handling, solid proteid or starchy substances may pass out and 
mingle with the water. These simple physical reactions obvi- 
ously involve a disturbance of the chemical equilibrium of the 
water. Originally able to support only a limited amount of life 
(such as exists in drinking-waters), it is now a soil enriched 
by what it has gained from the hay. The bacteria, extremely 
sensitive to variations in their en\dronment, and especially to 
their food-supply, inunediately proceed to multiply enormously, 
so that a biological reaction follows closely on the heels of the 
chemical change. But as a result of their metabolic activity the 
bacteria set up extensive chemical changes, which in their turn 
involve physical disturbances. For example, the dissolved oxy- 
gen with which the liquid was saturated soon disappears, so that 
more oxygen must, therefore, diffuse into the liquid from the 
atmosphere. Carbonic acid is generated in excess, and some 
may pass outwards to the air. Also, as a result of the vital 
activity of the micro-organisms the temperature of the infusion 
may rise a fraction of a degree above that of the surround- 
ing atmosphere. 

We are concerned, however, chiefly with the biological 
results. In consequence of the exhaustion of the oxygen supply 
in the lower parts of the liquid, many of the bacteria which 
require abundant oxygen for their growth {aerohes) find 
their way to the surface, where some pass into a kind of 
resting stage (zoogloea) and form a scum or skin {mycoderm) on 
the surface of the liquid. Others, for which free oxygen is not 
necessary or to which it is even prejudicial {anaerohes\ live and 
thrive in the deeper parts of the beaker. But, meantime, an- 
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other phenomenon has occurred. The infusoria, originally few 
in number, finding the conditions favorable, have multiplied 
enormously, and after a day or two may be seen darting in and 
out among the bacteria, especially near the surface, and feeding 
upon them. Among the infusoria, however, are some which 
feed- upon their fellows, so that we soon have the herbivorous 
infusoria pursued by carnivorous forms, the whole scene illus- 
trating in one field of the microscope that struggle for existence 
which is one of the fundamental facts of biology. 

Obviously, this chain of life is no stronger than its weakest 
part. The hay is the source of the food-supply for all these 
forms, and this supply must eventually become exhausted. 
When this happens, the bacteria cease to multiply, the herbivo- 
rous infusoria which depend upon them perish or pass into a rest- 
ing stage, the carnivorous infusoria likewise starve, and all the 
biological phenomena must either come to an end or change 
their character. 

Up to this point the action is purely destructive. But sooner 
or later microscopic green plants may appear on the scene, — 
Protococcus^ it may be, or its allies, — and a constructive action 
begin, the waste products of the animals and of the bacteria be- 
ing rebuilt by the green plants into complex organic matter. By 
this time, also, the dissolved organic matter will have been 
largely extracted from the liquid, the bacteria for the most 
part devoured by the infusoria, and the latter may more or less 
completely have given way to larger forms — to rhizopods, roti- 
fers, small worms, and the like. The putrefying infusion has 
run its course, and the ordinary balance of nature has been 
restored. 

Thenceforward an approximate equilibrium is maintained. 
The green plants build complex organic matter and store up 
the energy of light. The animals feed upon the plants, or 
upon one another, break down the complex matter, and dissi- 
pate energy. The ever-present bacteria break down all the 
refuse, extract soluble organic matter from the water, decom- 
pose the dead bodies of the animals or plants, and in the end, 
it may be, themselves fall victims to devouring infusoria. Th^ 
physiological cycle is complete. 
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A hay infusion thus affords in miniature a picture of the liv- 
ing world. The green plants are constructive, and in the sun- 
light build up matters rich in potential energy. These as foods 
support colorless plants (such as bacteria) or animals. On these, 
again, herbivorous and carnivorous animals feed ; and so, in the 
world at large, as in the hay infusion, omnivorous as well as 
carnivorous animals, in the long run, feed upon herbivorous 
animals, and the latter upon plants — either colorless or green — 
which thus stand as the bulwark between a,nima1s and starvatioi^ 
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SUGGESTIONS FOE LABORATORY STUDIES AND 
DEMONSTRATIONS. 

The ^'Laboratory Directions in General Biology," published 
and copyrighted by Prof. E. A. Andrews of Johns Hopkins 
University, will be found extremely useful oxid, practical. Also 
the following : Huxley and Martin's ' ' Practical Biology ' ' (Howes 
and Scott), and the accompanying ' ' Atlas of Biology, ' ' by Howes ; 
Marshall and Hurst's ''Practical Zoology," Colton's "Practical 
Zoology," Bumpus's "Invertebrate Zoology," Dodge's "Ele- 
mentary Practical Biology," Brooks's "Handbook of Inverte- 
brate Zoology." According to our experience, the periods for 
the course should be so arranged as to afford laboratory work 
and recitations or quizzes in about the proportions of three to 
two (for example, three periods of laboratory work and demon- 
stration to two of quiz), for a half-year. 

Chapter I. (Intboduciory.) 

It is convenient to give at the outset one or more practical 
lessons on the microscope, affording the student an opportunity to 
learn its different parts, use its adjustments, test the magnifying 
power of the various combinations, etc. A good object for a 
first examination is a human hair, which serves as a convenient 
standard of size for comparison with other things. Other good 
objects are starches, the scales from a butterfly's wing (sketch 
under different powers), a drop of milk or blood, and powdered 
carmine or gamboge rubbed up in water (to show the Brownian 
movement). The student should compare the same object as 
seen under the simple and the compound microscope (to show 
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reversal of the image in the latter), and should during the course 
learn the use of the camera lucida (Abbe's camera, of Zeiss, the 
best). The stage-micrometer may also be examined at this time 
or later, and the student taught to prepare a scale (see Andrews) 
by drawing the lines, with camera, on a card under different 
powers (A + 2, D + 2, D + 4, of Zeiss), and labelling each 
with the names of lenses and actual size of the spaces, as stated 
on the micrometer. 

Pencil-drawing should begin as soon as the first specimen is 
in focus, and sketches should be made, from the very first exercise 
onward, of everything really studied. It is absolutely indis- 
pensable to Tceep a laboratot^ note-hook^ which ought at any time 
to give tangible evidence that the laboratory study is bearing 
fruit ; and in the very first laboratory exercise a beginning should 
be made in this direction. 

The preliminary microscopy of one or two laboratory peri- 
ods, corresponding to the time spent in conferences upon the first 
chapter of the text-book, leads naturally up to the easy micro- 
scopical studies required in connection with the second chapter. 

Chapter II. (Structure of Living Organisms.) 

The laboratoiy work may be made very brief and simple, 
and the facts shown largely by illustration. The principal 
organs of a plant and of a live or dissected animal may be shown 
and some of the more obvious tissues pointed out. A frog under 
a bell-glass, and a flowering plant (geranium) in blossom, placed 
fiide by side on the demonstration-table will serve to suggest 
materials for the lists of organs and the comparisons called for. 

The skin of a Calla leaf is easily stripped off and demon- 
strated to the naked eye as one fonn of tissue. It may then be 
cut up and distributed for microscopic study and for proof that 
it is composed of cells. (During this process air is apt to replace 
water lost by evaporation, and must be displaced by alcohol, 
which in turn must be removed by water.) 

For a first microscopical examination of tissue there is no 
better object than the leaf of a moss (a species having thin broad 
leaves should be chosen) or a fern prothallium. Otlier good 
objects are thin sections of a potato-tuber from just helow the 
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surface (stained with dilute iodine to show nuclei and starch- 
grains), and frog's or newt's blood, mixed with normal salt solu- 
tion, and examined either fresh or slightly stained with dilute 
iodine. 

Thin sections of pith (elder, etc.), from which the air has 
been displaced by alcohol, give good pictures of tissue composed 
of empty cells. Fresh or alcoholic muscle from the frog's leg, 
gently teased out^ shows muscular tissue to be composed of elon- 
gated cells (fibres). Finally, the student may prove that he 
himself is composed of cells by gently scraping the inside of his 
lip or cheek with a scalpel, mounting the scrapings on a slide, 
and after adding a drop of Delafield's hsematoxylin, covering, 
and examining in the usual way. 

To show the lifeless matter in living tissue it suffices to ex- 
amine frog's blood or human blood; sections of potatoes, es- 
pecially if lightly stained with iodine ; sections of geranium stems 
{Pelargonium)^ which usually show crystals in some of the more 
peripheral cells ; cartilage, stained with iodine, in which the life- 
less matrix remains uncolored ; or prepared sections of bgne, in 
which the spaces once filled by the living cells are now black and 
opaque, being filled with dust in the grinding, or with air. 

Chapter III. (Protoplasm and the Cell.) 

Naked-eye Examination of Protoplasm. A drop of proto- 
plasm is readily obtained from one of the long (intemodal) cells 
of Nitella^ after removing the superfluous water and snipping off 
one end of the cell with scissors. The cell collapses and the 
drop forms at the lower (cut) end. It may be transferred to a 
(dry) slide and tested for its viscidity by touching it with a 
needle. Microscopically it is instructive chiefly by its lack of 
marked structure. 

The Parts of the Cell. The structure of the cell is beauti- 
fully shown in properly stained and mounted preparations of un- 
fertilized star-fish or sea-urchin eggs, or of apical buds of Nitella, 
If these are not available potato-cells or cartilage cells do very 
well ; or sections of epithelium, glands, etc. , may be shown. 

The class may also mount and draw frog's or newt's blood- 
cells, prepared and double-stained as follows. The blood is spread 
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out evenly on a dide and dried cautiously over a flame. Stain 
with hsematoxylin for three minutes ; wafik thoroughly with water, 
add strong aqueous solution of eosin, allqw to stand one minute ; 
wash this time very rapidly, remove the excess of water quickly 
with filter-paper pressed down over the whole slide ; dry rapidly, 
and examine with low power. If successful mount in balsam ; if 
the specimen is not pink enough add more eosin and wash still 
more rapidly than before. In good specimens the cells keep 
their form perfectly, the cytoplasm is bright pink, and the nucleo- 
plasm is light purple. 

Epidermis from yoimg leaves of hot-house liUes ('^ African '* 
lily, "Chinese" lily, and especially lily-of-the-valley) yields 
cells showing finely the cell-wall, nucleus, and (in favorable 
cases) cytoplasm. If stained with acetic acid and methyl-green 
the nuclei are highly colored; with Delafield's hsematoxylin the 
cytoplasm is more easily seen. 

Cell-divisions or Cleavage are easily observed in segmenting 
ova or in fresh specimens of Protococcus {Pleurococous) de* 
tached from moistened pieces of bark which bear these algae. 
(See p. 178). 

Stages in the cleavage of the ovum may be seen in the seg- 
menting eggs of fresh- water snails {Physa^ Plartorbii) which 
are easily procured at almost any time by keeping the animals in 
aquaria. The old egg-masses should be removed so as to ensure 
the eggs being fresh. Or a supply of preserved segmenting eggs 
(star-fish, sea-urchin) may be kept for demonstrating the early 
stages. 

Protoplasm in Motion. The best introduction to protoplasm 
in motion is afforded by a superficial examination of Amoeba 
(for procuring Amoeba see above, Chapter XII). If Amoeba is 
not available young living tips of Nitella or Chara may be used. 
Anacharis and Tradescantia are useful, and often very beautiful, 
but less easy to manage, as a rule. In mounting Nitella or 
Cha/ra care must be taken not to crush the cells, tad as far as 
possible pale fresh specimens rather than darker and older ones 
should be chosen. If Anacharis is to be studied the youngest 
leaves should be selected from the budding ends, and not, as is 
sometimes recommended, leaves which are becoming yellow. 
The movement in the cells of Anacharis leaves often begins 
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only after the leaf has been mounted for a half -hour or more ; 
but when once established affords one of the most beautiful and 
stiiking examples of protoplasmic motion. If Tradescantia is to 
be used, care must be taken to have, if possible, flowers just open 
or opening. The morning is therefore preferable for work on 
this plant. High powers are necessary. 

In all these forms the movements may often be stimulated by 
placing a lamp near the microscope or by cautiously warming 
the slide over the lamp-chimney. Ciliary action is easily shown 
in bits of the gills taken from fresh clams, mussels, or oysters, or 
in cells scraped from the inside of the frog's oesophagus. A 
striking demonstration is easily given by shtting open a frog's 
(or turtle's) oesophagus lengthwise, pinning out flat, moistening 
with normal salt solution, and placing tiny bits of moistened cork 
on the surface. The progressive movemient of the cork-bits is 
then very obvious. Muscular contractility is easily shown by 
removing the skin from a frog's leg, dissecting out the sciatic 
nerve, cutting its upper end, and then stimulating the lower end, 
if possible, by contact with a pair of electrodes, otherwise by 
pinching it with forceps. If the necessary apparatus is available 
the regular muscle-nerve preparation may be shown (see Foster 
and Langley's '' Practical Physiology"). 

Food-stuffs Contain Energy. This may be shown (in dem- 
onstrations) by sprinking Jmely powdered and thoroughly 
dried starch, sugar, or flour upon a fire, or upon a platinum dish^ 
or piece of foil heated to redness over a small flame. Oils and 
dried and powdered albumen (proteid) may be similarly made to 
burn with almost explosive violence if applied in a state of fine 
division in presence of air. 

The Chemical Basis, {a) Proteids ; Coagulation ; Rigor Mor- 
tis ; Rigor Calorie. White-of -egg may be shown (in demonstra- 
tion) and made to coagulate in a test-tube hung down into a 
beaker of water under which is put a flame. A thermometer in 
the test-tube may be read off from time to time as the experi- 
ment advances, until finally coagulation begins, when the temper- 
ature is noted. The death-stiffening {rigor mortis) comes on 
very quickly in frogs killed with chloroform. Heat-stiffening 
{rigor caloris) is well shown by immersing one leg of a decapi- 
tated frog in a beaker of water at 40° C. The other leg re- 



Digitized by 



Google 



210 APPENDIX. 

mains normal and affords a valuable means of comparison. It 
is not worth while to make many chemical tests of proteids at 
this point. 

(J) Carbohyd/rates. A useful demonstration may be made 
of various starched, sugars, and glycogen. The iodine-test may 
be applied if desired. If time allows, the microscopical appear- 
ance of potato-starch, corn-starch, Bermuda arrowroot, etc., 
may be dwelt upon in the laboratory- work. Cellulose is well 
shown in filjer-paper or absorbent cotton. 

((?) Fat8. A demonstration of animal fats and vegetable oils 
may be made if time allows. They may be examined microscop- 
ically in a drop of milk, in an artificial emulsion made by shak- 
ing up sweet oil in dilute white-of-egg, or in fresh fatty tissue 
(from subcutaneous tissue of mouse, or fat-bodies of frog). It is 
hardly worth while to examine these substances chemically, but 
a few simple tests may be applied if desired. 

Dialysis. A demonstration of dialysis is easily made by in- 
verting a broken test-tube, tying the membrane over the flaring 
end, filling the tube to a marked point with strong salt or glu- 
cose solution, and immersing it in a beaker of distilled water. 
After an hour or so the fluid will be found to have risen in the 
test-tube against gravity. 

Temperature and Protoplasm. The profound influence of 
temperature on protoplasm is well shown by the frog's heart. 
Decapitate a frog and destroy the spinal cord. Expose the 
heart and count the beats at the room temperature. Then pour 
upon the heart iced normal salt solution. Again count the beats. 
Next pour upon it normal salt solution heated to 35° C. The 
number of beats will follow the fall and rise of temperature. 

Chapters IY to YIII. (The Earthworm.) 

La/rge earthworms must he used or satisfactory results can- 
not be expected. Pains should therefore be taken to procure 
the large L, terrestris {not the common Allolohophora m.ucosa)y 
which is readily recognizable by the flattened posterior end. 
This species is not everywhere common ; hence a supply should 
be procured and kept in a cool place in barrels half full of earth, 
on the surface of which is placed a quantity of moss. They will 
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thus live for months. Z. Urrestris msLj he obtained in great 
numbers between April and November, by searching for them 
at night with a lantern in localities where numerous castings 
show them to aboimd (a rather heavy but rich soil will be found 
most productive). They will then be found extended from their 
burrows, lying on the surface of the ground, and may be seized 
with the fingers. Considerable dexterity is needed, and it is 
necessary to tread very softly or the worms take alarm and in* 
stantly withdraw into their burrows. 

For dissection fresh specimens are far preferable for most 
purposes, though properly preserved ones answer the purpose. 
Fresh specimens should be nearly killed by being placed for a 
short time (about five minutes) in 70^ alcohol, and then stretched 
out to their utmost extent in 50^ alcohol in a dissecting-pan, 
the two ends being fastened by pins. They should then be at 
once cut open along the middle dorsal line with scissors, the 
flaps pinned out, and the dissection continued under the 60jf 
alcohol. (They must be completely covered with the liquid.) 
By this method the minutest details of structure may be ob- 
served, and many of the dissections should be done under a 
watchmaker's lens. 

For preservation (every detail of which should be attended 
to) a number of living worms are placed in a broad vessel filled 
to a depth of about an inch with water. A little alcohol is then 
cautiously dropped on the surface of the water at intervals until 
the worms are stupefied and become perfectly motionless and re- 
laxed (this may require an hour or two). They are then trans- 
ferred to a large shallow vessel containing just enough 60^ 
alcohol to cover them, and are carefully straightened out and 
arranged side by side. After an hour the weak alcohol is re- 
placed by stronger (70^, which should be changed once or twice 
at intervals of a few hours; they are finally placed in 90^ 
alcohol, which should be liberally used. The trouble demanded 
by this method will be fully repaid by the results. The worms 
should be quite straight, fully eiftended, and plump, and they 
may be used either for dissection or for microscopic study. 

For the purposes of section-cutting worms should be carefully 
washed and placed in a moist vessel containing plenty of wet 
filter-paper torn into shreds. The worms will devour the paper, 
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which should be changed several times, until the paper is voided 
perfectly clean. The worms are then preserved in the ordinary- 
way, and when properly hardened are cut into short pieces, 
stained with borax-carmine, imbedded in paraffin, and cut into 
sections with the microtome. 

The living worms should first be observed — their shape, 
movements, behavior to stimuli, pulsation of the dorsal vessel 
(time the pulse and vary the rate by temperature changes). 
j Well-preserved specimens should then be carefully studied for 
the external characters (draw through the fingers to feel the setae). 
(Sketch.) Observe openings. The nephridial openings cannot be 
seen, but if preserved worms be soaked some hours in water and 
the cuticle peeled off they may be clearly seen in tliis. A 
general dissection of a fresh specimen should now be made, 
and the positions of the larger organs studied. (Make partial 
sketch, to be filled out afterwards, as in Fig. 24.) The alimentary 
canal and circulatory organs should now be carefully studied. 
Even the smallest of the blood-vessels may easily be worked out 
tinder the lens by using fresh specimens (killed in 70^ alcohol 
and afterwards dissected under water) and carefully turning aside 
the alimentary canal. 

The alimentary canal should afterwards be cut through be- 
hind the gizzard and gradually dissected away in front, exposing 
the nerve-cord and the reproductive organs (wash away dirt with 
a pipette). No great difficulty should be found in making out any 
of the parts, excepting the testes. These are difficult to find in 
mature worms, but may be found with ease in those which have 
no median seminal vesicles (usually the case with specimens hav- 
ing no clitellum). 

The contents of the seminal receptacles and vesicles from a 
fresh worm should be examined with the microscope. Remove 
an ovary (with forceps and small curved scissors), mount in water, 
and study. (Stained in alum-carmine and mounted in balsam 
the ovary is a beautiful object.) The student should also re- 
move a fresh nephridial funnel and part of a nephridium, and 
study with the microscope. (This may have to be shown by the 
demonstrator, but should never be omitted, as the cihary action 
is one of the most striking things to see.) A careful dissection 
oi the anterior part of the nervous system should also be made. 
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If time presses, the detailed study of microscopical sections 
may be omitted, but a series of prepared sections should be kept 
on hai;^ and a demonstration given. 

The embryological development is too difficult to study, but 
very instructive demonstrations may be given by those who have 
had some experience. In the neighborhood of Philadelphia egg- 
capsules may be found in great numbers in old manure-heaps, 
in May and June. One end of the capsule should be sliced off 
with a very sharp scalpel and the contents drawn out, under 
water, with a large-mouthed pipette. The mass may then be 
mounted in water under a supported cover-glass and studied 
with the microscope. The embryos may be preserved in 
Perenyi's fluid, and either studied whole in the preserving fluid 
or hardened in alcohol and cut into series of sections. 

Chaptebs IX TO XI. (The Common Brake.) 

Except when the ground is frozen Pteris may be dug up and 
brought into the laboratory in a fresh state. Fronds may be 
cut and dried in midsummer and considerably freshened (by a 
moment's immersion in warm water) when needed to be used (in 
the opening exercise) to illustrate the aerial portion of the plant. 
Ehizomes may be obtained at convenience and kept in weak 
alcohol (50^). 

The Morphology of the Body. To illustrate this, one whole 
and entire plant should, if possible, be at hand for examination. 
The aerial and the underground portions may then be sketched 
in their normal relations. Branches, roots, and old leaf-stalks 
6hould be pointed out, identifled, and sketched. 

The Anatomy of the Rhizome should first be made out with 
the naked eye. The lateral ridges will be detected by the class, 
which should be asked to draw the cross-section as seen with 
the naked eye. For this preliminary work each student should 
have a piece of rhizome two or three inches in length. (Care 
should afterwards be taken that the drawing has been correctly 
placed dorsoventrally.) A rough dissection with jack-knife or 
large scalpel may next follow, with inferences as to the characters 
of the several tissues found (as fibrous, pulpy, woody, etc.). 

Tlie Microscopic Anatomy of the Rhizorne is interesting, and, 
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for the most part, easy, but demands much time. If time al- 
lows, cross-sections of roots may be made and mounted in balsam. 
They are readily cut in pith. Sections of the rhizoma may be 
made freehand with a razor or, better, with a microtome : but 
the old stems are exceedingly hard and liable to injure the 
knives. 

The Frond or Leaf may be obtained in fruit in July and 
August and preserved in alcohol. From it sections of leaflets 
may easily be got by imbedding in pith. Epidermis is obtained 
with some difficulty (by beginners) after scraping. Fresh fern- 
leaves from hothouses answer the purpose as well, are easier to 
get, and more atti*active. Really good sections of fern-leaves are 
not easy for beginners to make. They should be kept on hand. 

Sporangia may be obtained in abundance from alcoholic 
specimens of Pteris^ or upon hothouse ferns, even in midwinter. 
Some of the many species of Pteris found in hot-houses answer 
every purpose. The thin edge of a scalpel slipped under the un- 
ripe indusium removes the latter, and generally also long ranks of 
sporangia in all stages of development. In some sporangia spores 
may be found. Sporangia and spores are always readily got, 
but care must be taken to select fruit-dots which are not too old 
or too young. 

Sprouting the Spores. To obtain good specimens of sprout- 
ing spores and prothalliay^/'^^yV'om dirt^ we can recommend the 
following procedure : Fill several small flower-pots, which have 
been thoroughly cleaned inside and out, with clean fine sand. 
Sterilize the whole by baking in an oven or a hot-air sterilizer. 
Set the pots into large (porcelain) dishes capable of holding water, 
and keep the bottom of these dishes covered to the depth of one 
inch with water; cover the pots completely mth bell-glasses. 
After twenty-four hours, or after the sand and the pots have be- 
come thoroughly wet, inside a/nd outside^ dust thickly the sand 
and the outsides of the pots with spores (obtained from fern- 
. houses by shaking fertile fronds over white paper). Care must 
be taken to get spores^ and not merely empty sporangia. After a 
week or longer (sometimes several weeks) a bit of the surface- 
layer of sand is removed to a drop of water on a slide and exam- 
ined for sprouting spores. These will often be found in various 
stages of development. After a month or two prothallia will ap« 
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pear on the outside of the pots ; and as these are clean, they may- 
be removed and examined (bottom side upwards) free of all 
dirt. 

Failing these, prothallia may almost always be found in fern- 
houses on the tops or sides of the pots, and especially on the 
moist earth under the benches. Care should be taken not to 
confound prothallia with the lighter green and relatively coarse 
liverwort {Lunula/ria) often found in hothouses. 

The Sexual Organs of Prothallia. With good cleo/n speci- 
mens these are easily found with a rather low power. Higher 
powers are needed to make out details. If the archegonia and 
and antheridia are young they are green ; if old, brown. On 
young prothallia antheridia only are often found, and on very 
old ones archegonia only. 

Fertilization. This is not easy to observe, but the attempt 
may be made by examining successively a number of veiy fresh 
and vigorous prothalUa in different stages. They must be 
mounted carefully (not flooded with water), and spermatozoids 
are generally more easily found swimming about after the speci- 
men has been mounted a little while. 

Embryology. Except in its general features, this is too dif- 
ficult for the beginner. He may, however, observe the later 
stages by studying old prothalKa with the young fern just ap- 
pearing, and young f ems with the old prothallia still adherent. 

Chlorophyll and Starch. Vigorous prothallia afford excellent 
examples of cells bearing chlorophyll-bodies in which starch is 
easily detected. Some of the marginal cells should be examined 
with the highest power, attention being given to the chloro- 
phyll-bodies and their arrangement. In favorable cases one may 
observe the opaque rod-like or oval grains inside the latter, 
and prove by reagents that they are starch grains. 

The student should also examine, at this point, the large 
chromatophores of Nitella^ which may be obtained by pressing 
out a drop of the contents from an internodal cell, adding dilute 
iodine solution, and examining with a high power. In favor- 
able cases as many as a dozen starch grains, stained blue, may be 
found ir4de a single elliptical chlorophyll-body. 
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Chapter XII. (Amceba.) 

Amoeba is one of the most capricious of animals, appearing 
and disappearing with inexplicable suddenness, and as a rule it 
cannot be found at the time when needed, imless special prepara- 
tions have been made in advance. It is never safe to trust to 
chance for a supply of material. It is equally unsafe to trust to • 
the methods usually prescribed. Amoebae may, however, often 
be procured in abundance and with tolerable certainty as follows : 
A month or six weeks beforehand collect considerable quantities 
of water-plants (especially Nitella or Chard) from various pools 
or slow ditches, with an abundance of sediment from the bottom. 
It is important to select clear, quiet pools containing an abun- 
dance of organic matter (such as desmids, diatoms, etc. , in the 
sediment) — not temporary rain-pools or such as are choked with 
inorganic mud (dirt washed in by rain). The material thus pro- 
cured should be distributed in numerous (10 to 20) open shallow 
dishes (earthenware milk-pans) and allowed to stand about the 
laboratory in various places — some exposed to the sun, others in 
the shade. The contents of many, perhaps all, of the vessels 
will undergo putrefactive changes and swarm with life — first with 
bacteria, later with infusoria — and will then gradually become 
clear again as in a hay-infusion. The sediment should now be 
examined at intervals, and Amcebw are almost certain to appear, 
sooner or later, in one or more of the vessels. Usually the small 
A, radiosa appears first, but these should only be used if it is 
found impossible to procure J.. Proteus^ which is far larger, clearer, 
and more interesting. Experience will show that particular 
pools always yield a crop of Amoebce^ while others do not. 
When once a productive source is found all trouble is ended. 

If possible a sediment should be selected that swarms with 
Am(Bhm. It is very discouraging for students to pass most of 
their time looking for the animals instead of at them. Large 
cover-glasses should he used, and the material taken with a 
pipette from the very surface of the sediment (not from its 
deeper layers). When first mounted the animals are usually con- 
tracted, and only become fully extended after a time. Outline 
sketches should be made at stated intervals, the strVicture of the 
protoplasm carefully studied, the pulse of the contractile 
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vacuole timed (vary by varying temperature), and tlie effect of 
tapping the cover-glass noted. It is practically useless to look 
for fission, for encysted forms, or for the external opening of the 
contractile vacuole; and the ingulfing of food or passing out 
of waste matters is rarely seen. The formation of pseudopodia 
should be carefully studied. After examining the living animals 
they should be killed and stained with dilute iodine. 

Arcella is almost always, and Diffiugia sometimes, found 
Avith Amoeba, These forms may be examined for comparison. 

It is desirable also to compare white blood-corpuscles, which 
may be obtained either by pricking the finger or, better, from a 
frog or newt. A drop of blood, received upon a slightly warmed 
slide, should be covered and sealed with oil around the edge of 
the cover-glass. The white corpuscles are at first rounded, but 
soon begin to show change of form. (No contractile vacuole, no 
differentiation into ectoplasm and entoplasm, often no nucleus 
visible.) 

Chapter XII. (Infusoria.) 

Parammcia are almost certain to appear in the earlier stages 
of tlie Amoeba cultures, and in similar decomposing liquids or 
infusions, and to ensure having them a large number of vessels 
and jars containing an excess of vegetable matter should be pre- 
pared a month or more beforehand. Their successful study is 
very easy if they are procured in very large nuiribers (the water 
should be milky with them), otherwise it is practically impossible. 
Three slides of them should be prepared and set aside for a short 
time (under cover, preferably, in a moist chamber) to allow the 
animals to become quiet. One slide should contain simply a 
drop of the infusorial water ; a second the same, with the addi- 
tion of a little powdered carmine ; to the third add a drop or two 
of an aqueous solution of chloral hydrate (made by dropping a 
crystal or two into a watch-glass of water). The first slide 
should be studied first ; and it will usually be found that after a 
time the animals crowd about the edges of the cover, often lying 
nearly or quite still. If this is not the case, the specimens para- 
lyzed by chloral may be studied. The carmine specimens will 
show beautiful food -vacuoles filled with carmine ; and by careful 
study the formation of the vacuoles may be observed. 
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The general structure should be carefully studied, the con- 
tractile vacuoles particularly examined (they are seen best in dying 
epecimens or in those paralyzed by chloral), and dividing or con- 
jugating individuals looked for (they are often abundant). The 
only really difficult point is the nucleus, which cannot be well 
Been in the living animal. It may be clearly seen by mounting 
a drop, to which a Uttle dilute iodine or 2^ acetic acid has been 
added. The former shows the cilia well, the latter the tricho- 
cysts. Osmic acid and corrosive sublimate also give good preser- 
vation. The internal changes during fission and conjugation 
must be studied in prepared specimens mounted in balsam. Such 
preparations are often of great beauty and interest. 

Vorticella must be sought for on duck- weed or other plants, 
or on floating sticks, and the like. Zoothamnion^ Carchesiuniy 
etc. , are liable to appear at any time in the aquaria. All these 
forms are easily -studied. Conjugation is very rarely seen, but 
fission and motile forms are common. The macronucleus is 
especially well shown in dead or dying specimens. 



Chapter XI Y. (Protococcus.) 

Protococcus {Pleurocbccus) is found in abundance on the 
northerly side of old trees in many parts of the United States. 
In case it cannot be obtained in any region it may be procured, 
during 1895 and 1896, from Prof. Sedgwick, Institute of 
Technology, Boston, Mass. , by mail. The laboratory- work with 
it is too easy to require comment. See, however, Arthur, 
Barnes & Coulter's ''Plant Dissection" (Henry Holt & Co., 
New York). 

Chapter XY, (Teast.) 

Bakers', brewers', compressed, and dried yeast may be had 
in the markets. Brewers' yeast is to be pieferred, as com- 
pressed yeast-cakes contain starch, bacteria, and other extraneous 
matters. All of the kinds may be cultivated to good advantage 
in wort (to be obtained at breweries) or in Pasteur's fluids. (See 
Huxley and Martin, chapter on Yeast.) Wild yeasts may be 
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found by examining sweet cider microscopically. For the fol- 
lowing methods of demonstrating nuclei in yeast and obtaining 
ascospores we are indebted to Mr. S. 0. Keith, Jr. 

To Demonstrate Nuclei in Yeast. Any good actively-growing 
yeast will answer, but a large (brewers') yeast is preferable. Mix 
a little of the yeast with an equal amount of tap- water in a test- 
tube and shake thoroughly. Add an equal volume of Hermann's 
fluid and shake again. As soon as the yeast has settled pour off 
the supernatant liquid and wash the yeast by decantation. Trans- 
fer some of the cells to a slide, fix by drying, stain by Heiden- 
hain's iron-hgematoxylin method (see Centralblatt fur Bacteri* 
ologie^ xiv. (1893), pp. 358-360), wash, dehydrate with alcohol, 
follow with cedar-oil, and mount in balsam. In successful speci- 
mens the effect is very satisfactory. (See Fig. 96.) 

A Simpler Method. To demonstrate nuclei in yeast more 
quickly and very easily the following method may be used : Boil 
(in a test-tube) for a moment an infusion of very vigorous yeast 
in water, place a drop of the boiled infusion on a slide, add a 
drop of very dilute "Dahlia" solution, cover, and after one or 
two minutes examine with a high power. The nuclei in most of 
the cells will be easily discoverable. 

To Obtain Ascospores in Yeast. It has been usually recom- 
mended to employ for this purpose blocks of plaster-of-Paris, 
"We have found the following method more trustworthy : 

The yeast to be used should be the " top" yeast used in ale- 
breweries. It should also be actively growing and fresh. If 
fresh yeast cannot be obtained, some may be revived by cultiva- 
tion for 24 hours at 25° C. in wort, and a little of the thick sedi- 
mentary portion may then be placed in a very thin layer on dry 
filter-paper which has previously been sterilized by baking. The 
filter-paper is then placed on a layer of cotton about J inch in 
thickness lying on a plate or saucer, the cotton having previously 
been thoroughly wetted with cold sterilized tap-water. The 
whole is covered by a bell-glass and set in a rather warm place 
(25° C). In the course of two or three days spores will be found 
in many of the cells. The lower the temperature the longer is 
the time required for spore formation. If '' bottom" yeast is 
used instead of ''top" yeast a much longer time is required, and 
the results are far more uncertain. 



Digitized by 



Google 



220 APPENDIX. 



Chapteb XVI. (Baoteeia.) 

For the study of Bacteria it is very desirable to have a large 
gpecies, and for this purpose there is none better than Bacillus 
megaterium^ which may be obtained from almost any bacteriologi- 
cal laboratory and grown in the bouillon used by bacteriologists. 
During 1895 and 1896 it may be obtained from Boston (see 
above). This form is very large, and produces spores readily. 
(See DeBary, "Lectures on Bacteria;'' Sternberg, '^ Bacteriol- 
ogy;" Abbott, "Principles of Baxjteriology ; " etc.) The pro- 
longed study of bacteria is not suited to beginners. Vinegar 
hdcteria may be seen in the mother- of -vinegar by pressing a bit 
of it out under a cover slip and examining with a high power. 
The jelly of mother-of- vinegar is a good example of zodgl(Ba. 
The white scum which appears on aquaria and infusions is of 
the same general character {zooglcea). 



Chapter XYII. (A Hay Infusion.) 

To make a successful hay infusion care should be taken to 
use water containing numerous and various organisms, and there- 
fore distilled water, fipring-waters, and well-waters, are in general 
to be avoided. Tap- water should also be avoided if it is derived 
from springs or weUs. The best water for the purpose is that 
drawn from ponds, rivers, lakes, or other surface sources. 
Clean ditch or pool water is excellent. The choice of hay is less 
important, but it is well to avoid old hay and hay that is very 
woody. The infusion should be warmed, but not heated or 
boiled. It may be kept in a beaker in diffuse daylight, e.g., in 
a north window, the beaker being loosely covered. 

mSTEUMENTS AND UTENSILS.* 

The student should have access to the following articles : 
A compound microscope with two eyepieces and low and 
high power objectives (i.e., about 1 in. and \ in., or objectives 

* Most of the apparatus and reagents here mentioned may be obtained from 
any first-class dealer in physical and microscopical apparatus, e.g., from The 
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A and D of Zeiss, or J and \ inch of Bausch and Lomb ; still 
higher powers are desirable). 

A simple dissecting microscope ; a desirable form is an ordi- 
nary watchmaker's lens provided with a support. An ordinary 
pocket-lens; glasssKdes(3 X lin.)? cover-glasses, watch-crystals,, 
small gummed labels, needles with adjustable handles, camel' s- 
hair brushes, blotting and filter paper, a good razor, pipettee 
(medicine-droppers), glass rods and tubes, glass or porcelain 
dishes for staining, etc., a set of small dissecting instruments 
(small scalpel, forceps, and straight-pointed scissors), a section- 
lifter, pieces of pith for section-cutting, thread, a shallow tin pan 
lined with wax, long insect pins for pinning out dissected speci- 
mens, drawing materials, and a note-book for sketches and other 
records. 

Each table should be furnished with a set of small reagent- 
bottles, a Bunsen burner, wash-bottle, test-tubes, beakers, and a 
bell-glass for protection from dust. Thermometers, a balance, 
microtome, drying oven, and a paraffin water-bath should also be 
accessible. 

EEAGENTS AND TECHNICAL METHODS.* 

Alcohol. — Since biological laboratories belonging to incorpo- 
rated institutions obtain alcohol duty free, it should be. liberally' 
8itj>plied and freely used. Alcohol of 100^, i.e., '' absolute "^ 
alcohol, may be purchased in 1 -pound bottles. '' Squibb 's'^ 
absolute alcohol may be obtained of any druggist, f but ordinary 
alcohol of 90-95^ answers nearly every purpose. "Cologne 
spirits," i.e., alcohol of about 94^, may be obtained from the 
distillers at 60c., or thereabouts, per gallon. It may then be 

Bausch & Lomb Optical Co., Rochester, N. Y.; the Franklin Educational 
Co., Hamilton Place, Boston; or Queen & Co., Chestnut Street, Philadelphia. 
Chemical and other apparatus may be obtained from Eimer & Amend, 205-211 
Third Avenue, N. Y. 

* Every laboratory should be supplied with some of the standard books upoa 
this subject, e.g., Strasburger's Botanische Practieum, Jena; Whitman's 
Methods of Research in Microscopical Anatomy and Embryology, Boston: Lee» 
The Microtomist*8 Vade Mecuniy last edition; Zimmerman's Botanical Micro- 
technique (Humphrey), Holt, N. Y. 

f See also Whitman, L c, p. 14. 
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diluted to 80^, 70^, 50^, etc. , as needed. For this purpose an 
alcoholimeter is very convenient. 

Acetic Acid. — One or two parts glacial acetic acid to 100 parts 
water. 

Acetic Acid and Methyl-green. — This is valuable for staining 
nucki in vegetal tissues. Dissolve methyl-green in one or two 
per cent acetic acid until a rich deep color is obtained. 

Borax-carmine. — Add to a 4^ aqueous solution of borax 2-3^ 
carmine, and heat until the carmine dissolves. Add an equal 
volume of 70^ alcohol, and filter after 24 hours. After staining 
(6-12 hours, or more for large objects, a few minutes for sec- 
tions) place the object in acidulated alcohol (100 c.c. 35^ alcohol, 
3—4 drops hydrochloric acid) and leave until the color turns from 
dull to bright red (10-30 m.). Afterwards remove to 70^ 
alcohol. 

Canada Balsam^ Mounting in. — ^This invaluable substance may 
be obtained in the crude condition, dried by prolonged heating, 
and then dissolved in chloroform, benzole, or turpentine, for 
use. The benzole solution is perhaps the best, and may be ob- 
tained from most of the dealers. The principles of mounting in 
balsam are very simple. It does not mix with water or alcohol, 
but mixes freely with clove-oil, chloroform, benzole, etc. Ob- 
jects are therefore generally treated, first with very strong alco- 
hol, 95-100^, in order to remove the water ; then with clove-oil, 
•chloroform, or turpentine to remove the alcohol, and afterwards 
mounted in a drop of balsam. This should usually be placed on 
the cover-glass, which is thereupon inverted over the object. 
The balsam gradually sets and the preparations are permanently 
preserved. 

Carmine. — Carmine may be obtained as a powder, which 
when rubbed up thoroughly with water in a mortar passes into a 
state of very fine subdivision. This property makes it available 
for experiments with cilia, etc. 

It is more often used in solution, as a staining agent. (See 
Borax- carmine.) 

Cellulose-test. — Saturate the object in iodine solution, wash in 
water, and place it in strong sulphuric acid prepared by carefully 
pouring 2 volumes of the concentrated acid into 1 volume of 
water. 
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Collodion and Clove-oil. — ^Used for fixing sections to the slide 
in order to prevent the displacement of delicate or isolated parts 
in balsam-mounting. Mix one part- of ether-collodion and three 
parts of oil of cloves. In mounting, varnish a slide with the 
mixture by means of a camel' s-hair brush, lay on the sections, 
and place the slide for a few minutes on the water-bath (i.e., 
until the clove-oil evaporates). Transfer the slide to a wide- 
mouthed bottle of turpentine (to dissolve the paraffin), remove it 
and drain off the turpentine, place a drop of Canada balsam on 
the middle of a cover-glass, and invert it over the object. 

Bahlia. — Dissolve in water. 

Eosin. — ^Dissolve in water until a bright-red solution is ob- 
tained. It should be diluted when used. 

Glycerine, dilute. — Two parts glycerine, one part distilled 
water. 

Heematoxylin (Delafield's). — ^Add 4 c.c. of saturated alcoholic 
solution of hsematoxylin to 150 c.c. of strong aqueous solution of 
ammonia-alum; let the mixture stand a week or more in the 
light, filter, and add 25 c.c. of glycerine and 25 c.c. of methyl 
alcohol. The fiuid improves greatly after standing some weeks 
or nionths. 

Hsematoxylin (Kleinenberg^s). — To a saturated solution of cal- 
cium chloride in 70^ alcohol add an excess of jmre alum ; filter 
after 24 hours and add 8 volumes of 70^ alcohol, filtering again 
if necessary. Add a saturated alcoholic solution of hsematoxylin 
until the liquid becomes purple-blue. The longer the liquid 
stands before using, the better. It should be diluted for use 
with the alum-calcium-chloride solution in 70^ alcohol. 

Hermann's Fluid. — See Lee's Vade Mecum. 

Iodine Solution. — Dissolve potassium iodide in a small quantity 
of water, add metallic iodine until the mixture assumes a dark- 
brown color, and then dilute to a dark-sherry color. The sohi- 
tion should be kept from the light. 

Magenta (Aniline Red). — Dissolve in water. 

Methyl Green. — ^Used in aqueous or alcoholic sohition or 
with acetic acid. 

Normal Fluid (Normal Salt Solution). — Dissolve 7.50 grams of 
sodium chloride in 1 litre of distilled water. 

Paraffin. — ''Hard" and " soft" paraffins, i.e., those of high 
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and low melting-points, should be mixed in such proportions that 
the melting-point lies between 50° and 55"^ C. 

Perenyi's Fluid. — Ten-per-cent nitric acid 4 parts, 90^ alco- 
hol 3 parts, i^ aqueous solution of chromic acid 3 parts. Not 
to be used until the mixture assmnes a violet hue. Leave objects 
in the fluid 30 minutes to an hour, then 24 hours in 70^ alcohol, 
and finally place in 90 per cent alcohol. 

Schultze's Macerating Fluid. — Dissolve a gram of potassium 
chlorate in 50 c.c. of nitric acid. The tissue should be boiled 
in the mixture and afterwards thoroughly washed in water. 

Schulze's Solution. — Dissolve zinc in pure hydrochloric acid, 
evaporate in the presence of metallic zinc, on a water-bath, to a 
6yrupy consistency, add as much iodide of potassium as will dis- 
solve, and then saturate with iodine. (When heated with this 
fluid cellulose turns blue. 

Section-cutting. — Many objects can be cut by hand with a 
razor (which must be very sharp). The object should be held in 
the left hand while the razor is pointed away from the body, and 
allowed to rest on the tips of the fingers with its edge turned 
towards the left. It is then drawn gently towards the body so 
as gradually to shave off the section. Small objects may be held 
between two pieces of watchmaker's pith previously soaked in 
water. In either case the razor should be kept wet. 

Many objects, however, require more careful treatment by 
one of the following methods : 

A. Paraffin Method. — After hardening and staining, the 
object is soaked in strong alcohol (95^ or more) until the water 
is thoroughly extracted (2-12 hours, changing the alcohol at 
least once), then in chloroform until the alcohol is extracted 
(2-12) hours), and then in melted paraffin (not warmer than 55® 
C.) on a water-bath for 15 to 30 minutes (too high a tempera- 
ture or too long a bath causes excessive shrinkage). Some of the 
paraffin is then poured into a small paper-box, or into adjustable 
metal frames. The object is transferred to it and after the mass 
has begun to set it is placed in cold water until quite hard. It 
is then cemented (by paraffin) to a square piece of cork and 
placed in the section-cutter or microtome. 

The sections may be cut singly with the oblique knife or by 
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tlie ribbon-method,* the knife being kept dry in either case. In 
mounting they should be fixed by the collodion-method. (See 
Collodion and Clove-oil.) 

B. Celloidin Method. — ^This is especially appKcable to deli- 
cate vegetal tissues. After dehydrating the object thoroughly in 
alcohol, soak it 24 hours in a mixture of equal parts of alcohol 
and ether. Make a thick solution of celloidin in the same mix* 
ture and soak the object for some hours in it. It may then be 
imbedded as follows : Dip the smaller end of a tapering cork 
in the celloidin solution, allow it to dry for a moment (blowing 
on it if necessary), and then build upon it a mass of celloidin, 
allowing it to dry a moment after each addition. Transfer the 
object to the cork and cover it thoroughly with the celloidin. 
Then float the cork in 82-85^ (0.842 sp. gr.) alcohol until the 
mass has a firm consistency (24 h.). It may then be cut in the 
microtome with the oblique knife, which must be kept dripping 
with 82-85^ alcohol. Keep the sections in 82-85^ alcohol until 
ready to mount them, then soak them for a minute in strong 
alcohol, transfer to a slide, pour on chloroform until the alcohol 
is removed, drain off the liquid, quickly add a drop of balsam, 
and cover. (See also Whitman, 1. c, p. 113.) 

* See Whitman, L c. p. 71* 
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